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ABSTRACT
EXCESS NUTRIENTS AND CULTURAL EUTROPHICATION OF THE CACHE LA 
POUDRE RIVER: A STUDY OF THE OCCURRENCE AND TRANSPORT OF 
PHOSPHORUS
 Excess nutrients resulting in eutrophication of surface waters has become one of 
the greatest water quality challenges of our time. The development of an effective 
nutrient management strategy is essential to protecting surface water quality, public 
health, aquatic ecosystems and economic interests. The complexity of cultural 
eutrophication and the influence of nutrients, especially in streams and rivers, has delayed 
the development of an effective regulation and a nationwide management strategy. 
Variations in hydrologic conditions, geology and both urban and agricultural land use can 
dramatically influence phosphorus loads to receiving waters. Furthermore, several 
complex mechanism exist within a river or stream (e.g. the phosphate buffer, light 
availability, hydraulic retention time, phosphorus spiraling, etc.) that change the 
concentration and impact of nutrient concentrations and resulting eutrophication. 
Temporal and spatial variations result  in changing and often imprecise threshold between 
healthy and unhealthy ecosystems.
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 For this reason, it is important for policy makers to understand how the 
assimilative nutrient  capacity of waterways varies with environmental, seasonal and 
loading conditions, and that it  is not the same for every  watershed or even within the 
same waterway. A one-size-fits all technology solution or a state-wide numeric standard 
that does not account for these variations is misguided and will result in costly upgrades 
with minimal improvements to water quality. The most efficient nutrient management 
method is one that best matches the nutrient load delivered with the maximum 
assimilative capacity of the receiving water.
 This study provides an in-depth analysis of the Cache la Poudre River Watershed 
in Northern Colorado over the course of a year to examine the influence of different 
sources, transport pathways and hydrologic regimes on phosphorus concentrations along 
an urban-agricultural gradient. An extensive and comprehensive design of sampling 
locations was used to best capture the anthropogenic influence (e.g. wastewater treatment 
plants, concentrated feeding animal operations, land uses) and transport pathways (e.g. 
irrigation ditches, overland transport, streams and rivers) of phosphorus within the 
watershed. Exploratory models were used to better understand the influence of geospatial 
variables on the occurrence and transport of phosphorus within the watershed.
 The influence of phosphorus from wastewater treatment  plants (WWTPS) to the 
Cache la Poudre River was examined in detail. A mass-balance of the phosphorus load in 
the river and the effluent from WWTPs was used to best estimate the influence of 
WWTPs. Projections of the influence proposed regulations that reduce WWTP effluent 
concentrations were made as well as the resulting impact to the river and water quality. 
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The role of sediment was investigated to better characterize and explain the temporal 
variations of phosphorus concentrations within this complex system. A brief economic 
analysis and associated improvements to water quality are discussed as well as effective 
management strategies in the Cache la Poudre River Watershed.
 The objective of the study is to aid in the development of an efficient and 
effective nutrient management strategy for the Cache la Poudre River Basin and other 
similar mixed land use watersheds, as well as providing a foundation for creating a 
decision support system for water quality analysis, monitoring and management.
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1. Introduction
“When the well is dry, we will know the worth of water.”
-Benjamin Franklin
1.1. Origins of the Problem
 Since the industrial revolution, rapid global population growth has had 
increasingly  negative effects on surface water quality  worldwide. Agricultural intensity 
[84] and dramatic changes to biogeochemical cycles [12] have had profound impacts on 
anthropogenic inputs of nutrients on the Earth’s surface. Furthermore, between one-third 
and one-half of the Earth’s surface has been transformed, typically resulting in more 
efficient transport pathways for excess nutrients to reach surface waters [136]. A link 
between excess nutrients and increased aquatic productivity, or eutrophication, has been 
known since it  originated in Europe in the early 1900s [125]. Since that time, extensive 
eutrophication related research has been done on the subject and it has become 
unequivocally clear that excessive nutrients have led to eutrophication. However the 
complexity between nutrients and eutrophication within in a dynamic ecosystem have 
provided challenges in developing the best cultural eutrophication management strategy.
 Eutrophication is a serious public health concern and can have dramatic impacts 
local and regional economies as well as aquatic and terrestrial ecosystems. The adverse 
effects of eutrophication include public health concerns, threats to endangered aquatic 
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species, aesthetic issues, algal blooms, etc. These concerns have been growing in recent 
years as well as the need for a nutrient control plan.
Although eutrophication is the most widespread water quality, no well-defined standard 
or regulation exists. The complexities of eutrophication and the associated mechanisms 
and responses have resulted in a changing and often an imprecise threshold between 
healthy and unhealthy  aquatic ecosystems and water quality [30]. Hydrologic conditions 
[68], geology [48], sediment loading capacity [43], ecosystems [30], and both urban and 
agricultural land use [118] are examples of factors that influence the nutrient loads and 
eutrophication of a waterbody. Changes in these factors result in a varying assimilative 
capacity of the river and a changing numeric threshold limit, even within the same 
watershed.
 For this reason, it has been difficult to develop a nutrient management plan to best 
protect surface water quality.
1.2. Objectives and Structure of Thesis
An in-depth study  of nutrients, specifically  phosphorus, in the Cache la Poudre River 
Watershed was performed to better understand the occurrence and transport and to assist 
in developing a method to improve water quality and best serve the community. The 
thesis is naturally divided into four sections: (i) an extensive review of existing literature 
relating to excess nutrients, (ii) an examination of the sources and transport mechanisms 
as well as the influence of hydrologic and seasonal variations, (iii) a mass balance of P to 
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determine the influence of WWTPs on the Cache la Poudre River as well as the impact of 
potential reductions and (iv) a basic cost benefit analysis is performed along with a 




 Excessive phosphorus and nitrogen in the environment have been linked to 
several environmental concerns; including eutrophication [98, 17, 26], acidification of 
freshwater lakes and streams [96], forest decline [35], climate change [136], disturbances 
to ecosystems and changing decomposition rates. Of all the environmental concerns 
associated with excessive nutrients, eutrophication consistently ranks as the leading 
surface water quality impairment and is directly related to public health issues, economic 
impacts, ecological concerns and aesthetic impairments [131]. In the US almost  half of 
the impaired lake area and 60% of impaired river reaches are a result of eutrophication 
with similar impairments worldwide [6].
 The relationship between nutrient supply  and increased growth yields has been 
known and studied extensively since the work of the German agricultural chemist Justus 
von Liebig in the mid-1800s. By early  1900, with the work of Weber (1907) and 
Johnstone (1908), there was evidence of a link between nutrients and aquatic 
productivity, or eutrophication [125]. During the 1960s and 1970s the need to better 
manage and understand cultural eutrophication was becoming clear.
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 Several studies followed to better understand the associated physical, chemical 
and ecological mechanisms and the profound consequences of cultural eutrophication. 
Although many important advances have been made in the understanding of 
eutrophication, the causes and affects remains very  complex and the same ecosystems can 
have high variations in behavior both seasonally and interannually  [30]. To date, the 
complexity and heterogeneity  of watersheds has been the largest  challenge in developing 
a well defined numeric nutrient standard.
 In 1998 USEPA began working to develop a rational framework for determining 
acceptable levels of nutrients in the nations surface waters as required as part of the 2001 
Clean Water Action Plan. The goal of developing the framework was to allow states and 
tribal governments to set total maximum daily  loads (TMDLs) for nutrients with an 
implementation date of 2003. Variations in hydrologic conditions [68], geology [48], 
agriculture [135], [69] and urban [118] land uses as well as sediment adsorption and 
ecological nutrient uptake all contribute to the complexity  of cultural eutrophication and 
the challenge of developing a management strategy  that best protects the nations surface 
waters.
 In 2001, the Colorado Department of Public Health and the Environment 
established a nutrient criteria work group to began developing a nutrient management 
plan. However, there is large variations in both nutrient loading and environmental 
conditions between the largest watershed of Colorado as shown in Figure 2.1. Colorado 
still faces many of the same challenges and complexities associated with determining 
5
maximum anthropogenic nutrient loading rates to reduce cultural eutrophication to an 
acceptable level.
 Colorado policy makers are faced with three fundamental questions when 
determining nutrient regulations: (1) What is an acceptable level of cultural 
eutrophication? (2) What is the cause of this level of eutrophication? (3) What is the most 
effective strategy to reduce cultural eutrophication? A literature review was done relating 
to these three fundamental questions to better understand the issue and to guide an 













Watershed Phosphorus Yield From 4 Sources in Colorado
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Figure 2.1: Phosphorus Yield in Colorado Watersheds [121]
ication? (2) What is the cause of this level of eutrophication? (3) What is the most
e↵ective strategy to reduce cultural eutrophication? A literature review was done
relating to these three fundamental questions to better understand the issue and to
guide an extensive case study of nutrients within the Cache la Poudre Watershed.
2.2 Determining an Acceptable Level of Eutrophication
Cultural eutrophication is excessive plant growth caused by nutrient enrich-
ment from human activity and there are several concerns associated with it making
it the primary problem facing most surface waters today [125]. It impacts aquatic
ecosystems from the Arctic to Antarctica [121]. Table 2.1 shows the most common
potential e↵ects of cultural eutrophication as well as economic costs and transna-
tional implications.
There is widespread evidence that nutrient restriction, specifically phospho-
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2.2. Determining an Acceptable Level of Eutrophication
 Cultural eutrophication is excessive plant growth caused by nutrient enrichment 
from human activity and there are several concerns associated with it  making it the 
primary problem facing most surface waters today  [125]. It impacts aquatic ecosystems 
from the Arctic to Antarctica [121]. Table 2.1 shows the most common potential effects of 
cultural eutrophication as well as economic costs and transnational implications.
 There is widespread evidence that nutrient restriction, specifically  phosphorus in 
freshwaters [114, 124], is an effective means for restoring eutrophic water and 
maintaining desirable water quality and ecosystem integrity [107, 58]. There are several 
reasons to better manage nutrients and reduce cultural eutrophication: Public health 
concerns, taste and odor issues, impaired aesthetics.
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Table 2.1: Potential effects of cultural eutrophication caused by excessive inputs of 
phosphorus and nitrogen to lakes, reservoirs, rivers and coastal oceans ( Adopted from 
[124, 6])
Table 2.1: Potential e↵ects of cultural eutrophication, c used by excessive inputs
of phosphorus and nitrogen to lakes, reservoirs, rivers and coastal oceans (Adopted
from [124, 6])
E↵ects of eutrophication
Increased biomass of phytoplankton and macrophyte vegetation
Increase biomass of consumer species
Shifts to bloom-forming algal species that might be toxic or inedible
Increases in blooms of gelatinous zooplankton (marine environments)
Increased biomass of benthic and epiphytic algae
Changes in species composition of macrophyte vegetation
Declines in coral reef health and loss of coral reef communities
Increased incidence of fish kills
Reductions in species diversity
Reductions in harvestable fish and shellfish biomass
Decreases in water transparency
Taste, odor and drinking water treatment problems
Oxygen depletion
Decreases in perceived aesthetic value of water body
Reduced Water Clarity
Blockage of intake screens and filters
Fouling of submerged lines and nets
Disruption of flocculation and chlorination process at water treatment plants
Restrictions of swimming and other water-based recreation
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2.2.1. Public Health Concerns
 High concentrations of nutrients in water can have direct impacts on public 
health. For example, a high level of nitrate is the primary  cause of metheamoglobemia 
and has been correlated with stomach cancer [133]. The proliferation of diverse algal 
species can result in algal blooms that produce many toxins that are harmful to human 
health [10]. Cyanobacteria (commonly referred to as blue-green algae) is are typically the 
most dominant algal species [124]. The cyanobacteria can produce extremely  hepatoxic, 
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cytotoxic and neurotoxic compounds [10]. It  can also form objectionable scum [103], 
summer fish kills [125] and impair drinking water quality [28]. Eutrophication caused a 
massive cyanobacteria bloom in the stagnant Murray-Darling River of Australia during a 
drought, leading to death of livestock [14]. Studies have provided evidence of increasing 
intensity and frequency of algal blooms, although excess nutrients are likely not the sole 
contributor [50].
 A direct link between eutrophication and disease risk has also been suggested 
[124]. Increased nutrient availability enhances the replication rate of aquatic viruses 
[141]. For example, lesions in marine coral grew at a faster rate. Water related diseases 
are already a major concern of human morbidity  and mortality worldwide [139]. The 
abundance and distribution of hosts is also modified by eutrophication and typically 
increases the probability of pathogens prospering [130]. Since flowing water is often used 
as a convenient wastewater disposal system, P loads to rivers and streams are very 
strongly influenced by human population densities, the population densities of livestock, 
and land use [102, 110, 121]. Clearly this biological waste disposal will not only provide 
a larger load of nutrients but also pathogens and bacteria.
2.2.2. Taste and Odor Issues
 Taste and odor issues have also been linked to eutrophication [9, 142, 89]. These 
issues are often linked to the production of odorous metabolites by  Cyanobacteria, most 
commonly geosmin [33]. Although taste and odor issues are not a direct consequence of 
eutrophication the increased algae growth can lead to taste and odor issues.
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2.2.3. Impaired Aesthetics and Recreational Opportunities
 Aesthetic impairments are typically  the most obvious result of eutrophication and 
the most difficult to quantify. Several qualitative studies [56, 108] have determined when 
the chlorophyll a concentration, an indicator of algal growth, is between 100 and 200 mg/
m2 is a nuisance. The filamentous green algae Cladophora is exemplifies aesthetic issues 
related to eutrophication [33]. Common concerns include slowing of water flow in canals 
and irrigation ditches (decreasing delivery  rates and increasing water losses), interference 
with swimming opportunities and snagging fishing lures [33]. Eutrophication of lakes and 
reduced aesthetics can have more direct economic impacts and has been shown to reduce 
property values as well [91].
Figure 2.2 Surface blooms of cyanobacteria in the Baltic Sea [1]
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2.2.4. Nutrient Loading and Ecosystem stability
 Enriched streams have increased invertebrate biomass and altered invertebrate 
communities [94]. This disrupts community  structure and there is evidence of a direct 
correlation with phosphorus concentrations [93]. As nutrients increase, organic carbon 
will build-up in the ecosystem and result  in low dissolved oxygen and increased pH, 
hindering the growth of fish and invertebrates [138]. Streams and rivers with high 
nutrient concentrations often can have severe and cumulative impacts on downstream 
waters. The most famous hypoxic or ”dead” zone is likely  the Gulf of Mexico and shown 
in Figure 2.3.
Figure 2.3: Famous anoxic zones of the world [2]
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2.2.5. Economic Impacts
 Eutrophication-related water quality  problems can have very substantial negative 
economic effects [17, 29]. Eutrophic drinking waters are much more likely to have higher 
treatment costs; greater difficulties in meeting standards for DBPs; consumer complaints 
due to objectionable taste and odor; and health hazards due to algal toxins [28].
Figure 2.4 Conceptualization of freshwater eutrophication [30] 
2.2.6. Nutrient Classification Systems
 The challenge with defining a nutrient classification system is determining an 
objective assessment of the trophic status of a stream or river.  Although classification 
methods exist [88,3], a widely  accepted classification system is missing for all streams 
and rivers [33] due to the dynamic nature and complexity of the system.  A number of 
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nutrient-chlorophyll a models for streams and rivers have been developed (e.g. [11, 83, 
22]) and often become the basis of nutrient classification systems.  However, one study of 
Lake Washington [122] shows a hysteretic response to reductions in phosphorus 
concentrations as the lake recovered from eutrophication and further complicates the 
classification and management [17].
2.3. Factors Determining the Level of Eutrophication
2.3.1. Leibig’s Law of the Minimum
 In the mid-1800s, Justin von Liebeg, an agricultural chemist, showed that the 
yield of plants can be limited by the nutrient that is present in the environment in the least 
quantity relative to the plant demands for growth; this theory  is known as Liebigs Law of 
the Minimum and has been the principal method of controlling cultural eutrophication. 
Although N and C are essential to the growth of aquatic biota, P is often the limiting 
nutrient in freshwater and the nutrient of focus. This is because of the difficulty in 
controlling the exchange of N and C between the atmosphere and air as well as the 
fixation of atmospheric N by some cyanobacteria [31]. Typically  N becomes the element 




 Several studies have provided evidence of phosphorus as the limiting nutrient in 
lakes and reservoirs (e.g. [105, 115, 38], etc.) As a result of several years of research a 
simple model was developed to relate total P input to algal biomass, an indication of 
eutrophication status [137].
2.3 Factors Determining Level of Eutrophication
2.3.1 Leibig’s Law of Minimum
In the mid-1800s, Justin von Liebeg, an agricultural chemist, showed that the
yield of plants can be limited by the nutrient that is present in the environment in
the least quantity relative to the plant demands for growth; this theory is known
as Liebigs Law of the Minimum and has been the principal method of controlling
cultural eutrophication. Although N and C are essential to the growth of aquatic
biota, P is often the limiting nutrient in freshwater and the nutrient of focus. This
is because of the di culty in controlling the exchange of N and C between the
atmosphere and air as well as the fixation of atmospheric N by some cyanobacteria
[31]. Typically N becomes the element controlling aquatic productivity in more
brackish waters such as estuaries and oceans [30].
2.3.2 Vollenweider Equation
Several studies have provided evidence of phosphorus as the limiting nutrient
in lakes and reservoirs (e.g. [105, 115, 38], etc.) As a result of several years of
research a simple model was developed to relate total P input to algal biomass, an




/[1 + ( z
Qs
)0.5]
The strong correlation between data from most of the lakes and reservoirs
around the world and the simple model that related algal biomass (Cla) to total P
input rate (Lp), mean water depth (z) and outflow per unit of lake surface area (Qs)
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 The strong correlation between data from most of the lakes and reservoirs around 
the world and the simple model that related algal biomass (Cla) to total P input rate (Lp), 
mean water depth (z) and outflow per unit of lake surface area (Qs) provided very  strong 
support of importance of phosphorus in lakes and reservoirs.
2.3.3. Algal-Nutrient Relationship
2.3.3.1. Lakes and Reservoirs
 At this time, the relationship between P enrichment and primary productivity was 
unclear. McCauley  et al. [85] described a sigmoid relationship between total P and 
chlorophyll a. A highly phosphorus enriched lake will not be influenced by additional 
phosphorus loading, because it is no longer the limiting nutrient. A N/P ratio of 22 has 
been estimated to be the most productive in most lakes [106]. In lakes with high 
phosphorus loads, N typically becomes the limiting nutrient [40].
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2.3.3.2. Estuaries
 In estuaries, it is generally accepted that there is a natural shift from P to N 
limitation [98]; although, a consensus does not exist (e.g. [54]). The efficient recycling of 
P in estuaries and losses of fixed N to denitrification is an obvious explanation for the 
shift in limiting nutrients [98]. A correlation between sulfate concentration and 
productivity of lakes and estuaries has also been observed [17].
2.3.3.3. Rivers and Streams
 Rivers and streams are likely the least  understood and worst managed in terms of 
eutrophication. In the US 48% of the 410 water quality monitoring to meet US EPAs 
standard of 100 mg/m3 for eutrophication [121]. More recently, 61% of the 2048 
cataloging units failed to meet the same standard [121]. Similar reports have documented 
poor water quality in terms of eutrophication worldwide (e.g. [95], in the UK and [76],
1998 in Germany).
 For many years it was believed that streams and rivers are insensitive to nutrient 
inputs [61] due to factors, such as light availability  [47] and a short hydraulic retention 
time [125], restricting the e↵ects of nutrient enrichment on algal growth in rivers. Several 
studies have discredited this early belief and it is generally  accepted that nutrient 
limitation of algal growth in flowing waters is common and widespread [30].
 The earliest experimental evidence comes from Huntsman (1948), who fertilized 
an oligotrophic stream in Nova Scotia, Canada, with bags of NPK fertilizer. Downstream 
sites immediately exhibited an increase in abundances of attached filamentous green 
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algae and fish. Another early  experiment by Correll (1958) performed an enrichment of a 
Michigan stream using continuous additions of ammonium phosphate. TP concentrations 
increased from 8 mg/m3 to 70 mg/m3 resulting in an increase of periphyton growth of 
three fold.
 Similar results were found by several studies in following years (e.g. [56]). 
However, it was observed in many of the studies that both N and P enrichment produced 
higher algal yields alone, suggesting N and P being co-limiting in some flowing waters.
2.3.4. Redfield Ratio
 These studies are directly related to the concept of the Redfield Ratio, where algae 
in good growth conditions will have a relatively defined atomic ratio [111]. For N and P, 
the ratio is about 15 to 16:1. In natural systems this means that the system will be 
phosphorus limited if the atomic ratio of nitrogen is greater than the Redfield Ratio. 
However, in practical application the ratio in algae has been shown to vary  approximately 
twofold simply due to light availability  [143], ranging from 7 to 30. Temperature has also 
been shown to vary  fourfold by only changes in temperature [62]. For this reason, 
Redfield Ratios can only provide clues into understanding algal-nutrient interactions and 
should be used with caution [30].
 Streams and rivers typically exhibit  more dynamic behavior with more 
heterogeneity than lakes and reservoirs. However as the hydraulic retention times and the 
volume of water increase, streams and rivers behave more like lakes and reservoirs [30]. 
Fundamental differences between the two system include the spiraling of phosphorus 
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[41], lower algal production per unit  of total phosphorus due to washout [30], the 
phosphate buffer [122], etc. Variations in loading of streams and rivers as well as 
dynamic mechanisms controlling phosphorus in receiving waters increase the complexity 
of developing a nutrient management strategy. The most well-known phosphorus 
regulating mechanisms are highlighted.
2.3.5. Phosphorus Spiraling/Phosphorus Cycle
 Spiraling of phosphorus down a river or stream is the result of phosphorus being a 
very biologically active element. Uptake of phosphorus by attached bacteria, algae and 
plants as well as the binding of phosphorus in bottom sediment and a release back into 
the water column [41]. This cycling of phosphorus downstream results in changes in 
phosphorus concentration and additional complexity in the systems.
 Phosphorus spiraling is understood better with an understanding of the 
phosphorus cycle in an aquatic ecosystem. Phosphorus arrives to receiving water as 
particulates and may release phosphates to solution in the water column. The phosphorus 
compounds are hydrolyzed, either chemically or enzymatically, to orthophosphate. This is 
the only form of phosphorus that can be assimilated by bacteria, algae and plants. 
Particulates deposited to the bottom sediment may gradually  be consumed by microbial 
communities, releasing phosphorus back into the water column as orthophosphate [125].
2.3.6. Phosphate Buffer
A dynamic equilibria exists between particulate phosphorus and dissolved phosphorus 
that has become known as the phosphorus buffering mechanism [18, 43]. Several studies 
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have only  been able to explain phosphorus concentrations in surface waters when 
sediment concentrations are considered (e.g. [64, 15]) due to the phosphate buffer. The 
theory  assumes a kinetically  rapid and slow population of particulate phosphorus. The 
rapid population equilibrates due to reactions at the surface within minutes. The slow 
population equilibrates with solid-state diffusion in a few days. This results in release 
phosphorus from the sediment in waters with low phosphorus concentrations and vice 
versa, providing a natural buffer regulating phosphorus concentration.
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Fig. 1, Conceptualization of freshwater utrophication.
flux rates are slow compared with those in surface waters
(Hutchinson, 1957). With few exceptions surface waters re-
ceive most of their P in surface flows rather than in groundwa-
ter, since phosphates bind to most soils and sediments. The
exceptions are where watersheds are of volcanic origin or
where soils are water-logged and anoxic.
Phosphorus only occurs in the pentavalent form in aquatic
systems. Examples are orthophosphate, pyrophosphate,
longer-chain polyphosphates, organic phosphate esters and
phosphodiesters, and organic phosphonates. Phosphorus is
delivered to aquatic systems as a mixture of dissolved and
particulate inputs, each of which is a complex mixture of these
different molecular forms of pentavalent P.
However, P is a very dynamic, biologically active element.
After these P inputs arrive in a receiving water, the particulates
may release phosphate and organic phosphates to solution in
the water column and various P compounds may be chemically
or enzymatically hydrolyzed to orthophosphate, which is the
ly form of P that can be assimilated by bacteria, algae, and
plants. Particulates may be deposited in the bottom sediments,
where microbial communities gradually use many of the r-
ganic constituents of the sediments, ultimately releasing much
of their P contents back to the wat r column as orthopho -
phate (Fig. 2). Hence, one should not assume that particulate
P or dissolved organic P are inert in these aquatic systems
because under appropriate conditions these forms of P can
be converted to dissolved orthophosphate.
Once delivered to a lake, reservoir, or estuary, P is usually
retained fairly efficiently by a combination of biological assim-
ilation and the deposition of sediments and biota to the bottom
sediments (Fig. 2). This efficient trapping of P inputs makes
these systems sensitive to pollution with excessive amounts
C~sumers [ Organi¢-P " Sediments
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Fig. 2. Phosphorus cycle diagram.
of P. If the system is oligotrophic (low primary production),
the bottom waters will remain oxygenated throughout the year
and most of this P will be stored in the bottom sediments.
However, in eutrophic systems (excessive primary produc-
tion), bottom waters often become anoxic during the growing
season and even shallow waters may become diurnally anoxic
overnight during warm, windless weather. When these condi-
tions occur, much of this P in bottom sediments is released
and diffuses back into the water column.
EVIDENCE OF THE KEY ROLE
OF PHOSPHORUS
Over time ecologists developed the concept that plant and
bacterial growth in an aquatic system would ultimately become
limited by the availability of an essential element. This would
then constitute the limiting nutrient for that system at that
time, and inputs of that nutrient could be managed to limit
eutrophication. The term limiting nutrient has been used in
somewhat different ways, sometimes meaning limiting the
growth of the present population, sometimes the limitation of
growth over time with species composition changes, some-
times limiting the ultimate primary or net production of an
ecosystem (Howarth, 1988). Here I mean the ultimate limita-
tion of ecosystem primary production.
The diatom Cyclotella nana, grown in P-limited chemostats
could only reach biomass atomic ratios of C to P of 480 and
N to P of 35 (Fuhs et al., 1972). This diatom had reached its
limits of growth with the available P. In a series of bioassays
of lake waters from the Great Lakes region of the USA using
the Provisional Algal Assay Procedure (USDA, 1969), Sele-
nastrum capricornutum cell number was found most often to
respond to the addition of phosphate, rather than N (Maloney
et al., 1972), indicating that most of these lake waters contained
limiting concentrations of P. Mesocosm experiments in which
320 L of Minnesota or Oregon lake water were enclosed in
cl ar plastic bags and then enriched with various nutrients,
found that P was the primary controlling nutrient when posi-
tive responses were found (Powers et al., 1972). Mesocosm
experiments in which 1000 to 4000 L of water from Lake
Michigan were enclosed in clear plastic bags found that when
P was added, silica was reduced to levels that limited algal
growth but N was not (Schelske and Stoermer, 1972). They
concluded that P was the limiting nutrient in Lake Michigan,
but that silica was becoming limiting for diatoms.
Somewhat later, Lean and co-workers introduced the con-
cept of an "index of P deficiency" (Lean and Nalewajko, 1979;
Lean and Pick, 1981). They used radioactive tracers to measure
the turnover times of dissolved orthophosphate in lake surface
waters. High turnover rates (short turnover times) indicated
more P limitation. This was further developed by measuring
the ratio of C fixation to phosphate uptake under various
conditions. Atomic ratios of C fixation to phosphate uptake
varied from 1.2 to 206 depending on the degree of P deficiency
prior to the measurement. If the algae had previously been
highly P limited, they would fix a higher amount of C per
P fixed.
A more direct measure of the key importance of P in lake
eutrophication was the work at the Experimental Lakes re-
search area in northwestern Ontario. Whole lakes were en-
riched with P for a period of years. These P-enriched lakes used
atmospheric N and C for algal production and this resulted in
significant increases in ecosystem primary production. Phos-
phorus additions triggered undesirable cyanobacterial blooms
unless N was also added. However, if C or N were added, in
the absence of P enrichment he effects were minor (Schindler,
1974, 1975, 1977). In another "whole lake" experiment, Lake
Figure 2.5: Phosphorus Cycle in Aquatic Ecosystems [125]
surface within minutes. The slow population equilibrates with solid-state di↵usion
in a few days. This results in release phosphorus from the sediment in waters with
low phosphorus concentrations and vice versa, providing a natural bu↵er regulating
phosphorus concentration.
2.3.7 Sediment Binding and Anoxic Conditions
Furthermore, biological activity occurs once particulates settle to the bottom
that can mineralize organic phosphorus gradually and release phosphorus to either
di↵use into the water column or bind to nearby sediment again [53]. The binding of
phosphorus to the sediment is dependent on the dissolved oxygen content because
binding to aluminum and ferric hydroxides are very strong. In anoxic conditions the
ferric ions are reduced to ferrous and weakens phosphate binding [60]. This is one
component in seasonal changes in phosphorus concentrations.
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Figure 2.5: Phosphorus Cycle in Aquatic Ecosystems [125]
2.3.7. Sediment Binding and Anoxic Conditions
Furthermore, biological activity occurs once particulates settle to the bottom that can 
mineralize organic phosphorus gradually and release phosphorus to either diffuse into the 
water column or bind to nearby sediment again [53]. The binding of phosphorus to the 
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sediment is dependent on the dissolved oxygen content  because binding to aluminum and 
ferric hydroxides are very strong. In anoxic conditions the ferric ions are reduced to 
ferrous and weakens phosphate binding [60]. This is one component in seasonal changes 
in phosphorus concentrations.
2.4. What is the most effective nutrient management strategy?
An understanding of hydrologic controls linking spatially variable P sources, sinks, 
temporary storages, and transport  processes are critical to the development of effective 
nutrient management strategy. The following section discusses the factors influencing 
nutrient management.
2.4.1. Sources
Phosphorus sources are typically classified as either point or nonpoint sources, as shown 
in Table 2.2.
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Table 2.2: Sources of point and nonpoint chemical inputs recognized by  U.S. statutes 
[125]
2.4 What is the most e↵ective nutrient management strategy?
An understanding of hydrologic controls linking spatially variable P sources,
sinks, temporary storages, and transport processes are critical to the development of
e↵ective nutrient management strategy. The following section discusses the factors
influencing nutrient management.
2.4.1 Sources
Phosphorus sources are typically classified as either point or nonpoint sources,
as shown in Table 2.2.
Table 2.2: Sources of point and nonpoint chemical inputs recognized by US statutes
[1 ]
Point Sources
Wastewater e✏uent (municipal and industrial)
Runo↵ and leachate from waste disposal sites
Runo↵ and infiltration from animal feedlots
Runo↵ from mines, oil fields, and unsewered industrial sites
Storm sewer outfalls from cities with populations less than 100,000
Overflows of combined storm and sanitary sewers
Runo↵ from construction sites with an area less than 2 ha
Nonoint Sources
Runo↵ from agriculture (including return flows from irrigated agriculture)
Runo↵ from pastures and rangelands
Urban runo↵ from unsewered areas and sewered areas with populations less than 100,000
Septic tank leakage and runo↵ from failed septic systems
Runo↵ from construction sites with an area less than 2 ha
Runo↵ from abandoned mines
Atmospheric deposition over a water surface
Activities on land that generate contaminants, such as logging, wetland
conversion, construction and development of land or waterways
Since the passage of the the Clean Water Act of 1972, significant progress has
been made controlling nutrients from point sources. As additional controls of point
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 Since the passage of the the Clean Water Act of 1972, significant progress has 
been made controlling nutrients from point sources. As additional controls of point 
sources becomes less cost-effective and water quality  problems remain unresolved, more 
attention is being placed on nonpoint source controls [117]. A lack of attention 
controlling nonpoint sources has been a result  of both easier identification and control of 
point sources and only a relatively recent realization and concern of the direct  health risks 
associated with eutrophication. As a result, nonpoint source pollution of phosphorus 
accounts for an increasing majority of water quality problems in the US (Crowder and 
Young, 1998; Schultz et al., 1992). Agricultural runoff alone has been reported as the 
cause of impairment of 55% of surveyed river length and 58% of surveyed lake are with 
water quality problems [100]. Agricultural runoff includes both commercial fertilizer and 
20
manure. Phosphorus minerals are mined and processed in large quantities to create 
commercial fertilizers [125].
2.4.2. Phosphorus Mobility
 Although it is generally  accepted surface waters receive most of their P in surface 
flows rather than groundwater, because phosphates bind to most soils and sediment [30], 
a monitoring study of a phosphorus concentrations in a plume of treated sewage in Cape 
Cod, Massachusetts has shown evidence of phosphorus migrating in the groundwater 
[86]. This raises concerns about infiltration basins and septic leaching fields discharges 
enriching groundwater and releasing to sensitive lakes and streams [132].
2.4.3. Phosphorus Removal Methods
 Phosphorus removal is done by the creation of particulate matter that  can be 
separated from the water. Two fundamentally different  methods are used to create the 
particulate matter: physical-chemical precipitation and enhanced biological removal. 
Physical-chemical precipitation utilizes the solubility  of phosphorus-metallic compounds 
to precipitate the phosphorus down to levels approaching the solubility product of the 
compounds, and then employs a physical separation process to removed the precipitate 
from the wastewater. Enhanced biological removal utilizes the uptake of phosphorus by 
polyphosphate accumulating organisms.
 Typically enhanced biological removal has a lower overall operating cost 
compared to chemical precipitation [113, 49]); although it may not be as reliable and 
cannot achieve the highest levels of phosphorus removal [65].
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 Several unit processes for phosphorus removal have been developed and proven 
as effective removal methods. The most common phosphorus removal methods include 
biological nutrient removal [78], enhanced biological phosphorus removal [140], the 
modified Renphosystem [112], crystallization [66], and activated aluminum adsorption 
[51]. The performance and economic costs of these methods are often difficult to 
estimate. [65]. Several cost and performance estimation methods have been investigated, 
including the use of existing data, pilot-scale experiments or computational simulations.
2.5. Objective and Hypothesis
 For most of the 20th century eutrophication research has focused on lakes and 
reservoirs. In the past decade more attention and advances have been made in 
understanding marine and coastal eutrophication [109]. Although streams are often the 
most complex systems and are the most visible delivery mechanism of nutrients from a 
watershed to lakes, reservoirs and estuaries, a disproportionately smaller amount of 
research has been done on streams and rivers.
 As nutrient control regulations are being developed the importance and lack of 
understanding of the role of rivers and steams eutrophication within a watershed is 
becoming very clear. Very few large scale watershed studies exist [8] . An in- depth look 
at nutrients within a watershed that includes the occurrence, transport, influence of 
known sources, management strategies and economic analysis was to found during this 
literature review. This study  is crucial to the understanding and regulation of nutrients. 
The objective of this study is to begin to fill a deficiency of integrated watershed studies 
focusing on all aspects of nutrient management. It is the opinion of the author that several 
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similar studies of Colorado watersheds will be need to truly make an effective and 
efficient nutrient management regulation. Furthermore, an integrated monitoring system 
and a dynamic regulation that allows for the maximum assimilation of nutrient loads will 
provide the best management strategy.
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3. Geospatial Analysis of the Occurrence and Transport 
of Phosphorus in the Cache la Poudre River Basin in 
Northern Colorado
Cortney Cowley, Stephen Goodwin, Ji-Hee Son, Mazdak Arabi, Kenneth Carlson
Department of Civil and Environmental Engineering
Colorado State University, Fort Collins, Colorado
Abstract This study examines the effect of different sources, transport pathways, and 
hydrologic regimes on phosphorus concentrations along an urban-agricultural gradient. A 
total of 48 sampling locations were monitored to characterize total phosphorus 
concentrations in the Cache la Poudre River Watershed in Northern Colorado. The 
comprehensive design of sampling locations aimed to capture the influence of 
anthropogenic activities, i.e., wastewater treatment plants (WWTPs), concentrated animal 
feeding operations (CAFOs), and irrigation ditches. Samples were collected at seven 
points in time with distinct climatic and hydrologic characteristics from April 2010 to 
February 2011. A geographic information system (GIS) was used to measure the 
overland, irrigation ditch, and stream/river distances from the sources to sampling 
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locations. Analysis of variance, non-linear regression, and multiple linear regression 
models were used in combination to explore the co-variation of phosphorus 
concentrations with capacities of upstream WWTPS and CAFOs, along with other 
geospatial factors. It was evident, under all hydrologic conditions, that phosphorus 
concentrations downstream from WWTPs were significantly  higher than the 
concentrations upstream of the facilities. Transport from WWTPs governed phosphorus 
concentrations in surface water during dry and low flow conditions, whereas contribution 
of CAFOs was significant during rainfall events. The total flow distance (a function of 
overland, irrigation ditch, and stream/river distances) from CAFOs to the sample 
locations was instrumental when determining phosphorus concentrations during 
precipitation events. The results of this study provide the foundation for creating a 
decision support system for water quality analysis, monitoring, and management in the 
Poudre River basin and other similar mixed-land use watersheds. 
Keywords: Phosphorus, Cache La Poudre River, Water Quality, WWTPs, CAFOs, 
Irrigation Canals, Environmental Monitoring
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3.1. Introduction
 Environmental degradation from nutrient pollution, specifically  phosphorus, 
consistently ranks as one of the top water quality issues in the U.S. [5, 6, 131]. Excess 
levels of phosphorus in streams and rivers have been shown to pose human health and 
ecological risks [116, 97]. Hypoxia (low dissolved-oxygen) and eutrophication are also 
insidious effects of over- enrichment of water bodies with nutrients, which can contribute 
to the release of toxic substances from bed sediments and fish kills [125, 4]. As the 
population of the world continues to grow, land use and development will play  an 
increasingly  important  role in water quality. Contaminant concentrations have been 
shown to exacerbate with increased anthropogenic activities as water flows through urban 
and agricultural settings [4, 129, 127, 72]. In mixed-land use watersheds, however, 
quantifying the relative importance of various nutrient sources and transport mechanisms 
require carefully  designed sampling locations. Understanding how and why nutrient 
concentrations are changing over time in streams and rivers is essential for effectively 
managing and protecting water resources.
 Two of the largest contributors of phosphorus in the watershed are thought to be 
wastewater treatment plants (WWTPs) and CAFOs and both are considered a major 
source of nutrients, contaminants, and environmental degradation in riparian zones and 
surface water [100, 79, 90, 55]. Establishing a correlation between phosphorus in the 
watershed and source density  (number of animals or wastewater flow) and distance 
(overland, irrigation ditch and river) will improve the viability and effectiveness of 
watershed-scale studies when investigating the occurrence, fate, and transport  of 
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phosphorus. In this regard, it  is not  enough to delineate and quantify different land use 
areas since the source density within each land use must be identified, quantified, and 
correlated to water quality parameters (e.g. [72]).
 Some studies have called for increased regulation of CAFOs and/or downsizing to 
decrease the environmental impact of this source of pollutants [21]. However, with a 
continually increasing population, CAFOs remain one of the most economically  efficient 
and productive form for producing meat and other animal products. Since the 
contaminant transport pathways associated with CAFOs are well understood , it is 
important to look into transport mechanisms for contaminants, such as irrigation ditches 
and runoff associated with hydrologic events, especially in semi-arid areas where natural 
tributaries are not as prevalent.
 The abundance of irrigation canals and the absence of small streams in the Cache 
la Poudre River watershed in Northern Colorado create a unique situation to study this 
aspect of phosphorus transport. It is thought that irrigation canals and ditches have 
substantially  altered the hydrology and associated phosphorus processes within the 
Poudre River watershed. Studies elsewhere have shown that irrigation has a significant 
impact on the processes of recharging alluvial aquifers and transporting contaminants into 
ground water [13]. Studies have also focused on factors influencing irrigation water 
quality and quantity [20], but the impacts of irrigation ditch distance and location on 
phosphorus transport to rivers are still unclear.
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 Temporal hydrologic variations can have significant impacts on the occurrence 
and transport of phosphorus to and in surface water. Research has shown significant 
increases in phosphorus fluxes during rainfall events and phases of retention and 
mobilization throughout seasonal dry and wet periods, respectively [16]. Other studies 
have suggested increases in chemical/physical pollutant concentrations in streams as 
precipitation and runoff inputs increase [24]. However, most previous studies only 
collected measured data at a few stations within the watershed or at a few points in time 
mostly during low flow conditions.
 In this study, a comprehensive monitoring campaign at  forty  eight sampling 
locations was conducted to characterize total phosphorus concentrations in the Cache la 
Poudre River Watershed. The comprehensive design of sampling locations aimed to 
capture the influence of anthropogenic activities, i.e., wastewater treatment plants 
(WWTPs), concentrated animal feeding operations (CAFOs), and irrigation ditches. 
Samples were collected at five points in time with distinct  climatic and hydrologic 
characteristics. This paper also considers other factors such as irrigation ditch flow rate, 
river flow rate, precipitation, and snowmelt to characterize how hydrologic regimes 
impact the fate and transport of phosphorus in a mixed-land use watershed.
The primary objective of this study is to determine the impact of putative anthropogenic 
sources (i.e., CAFOs and WWTPs) relative to the background phosphorus concentration 
in the Poudre River under varying hydrologic conditions. Specifically, the capacity and 
location of the CAFOs and WTTPs will be correlated to the measured phosphorus 
concentrations in the river along the urban gradient. The secondary objective of the study 
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is to determine which transport mechanism (overland, irrigation, river, etc.) has the 
greatest impact on phosphorus concentration in the river. In semi-arid regions, such as 
Colorado, irrigation ditches may be a significant aspect of phosphorus transport due to 
the lack of regulations and their prevalence in the watershed.
3.2. Materials and Methods
3.2.1. Site Location and Description
 The Cache la Poudre River watershed in Northern Colorado is an ideal system to 
identify urban and agricultural impacts on water quality. The urban gradient in the 
watershed can be characterized by four regions: pristine region, agricultural tributaries, 
urban settings, and mixed urban/agricultural influenced region. The dominant phosphorus 
source in the urban region is thought to be from WWTPs whereas CAFOs are considered 
to dominate the agricultural tributaries. Although cropland is a source of phosphorus in 
this region, it was not incorporated in the study because initial sampling showed very 
little phosphorus influences from irrigated cropland. The watershed is contained in the 
semi-arid front range of Colorado and has minimal tributaries. Canals and ditches are 
used extensively for irrigation and inputs to the river are predominantly  point sources in 
the urban landscape and non-point sources in the agricultural areas outside of Fort Collins 
[74].
 Figure 3.1 shows the predominant WWTPs and CAFOs as well as the land uses 
within the watershed. The river is fed by  snowmelt with minimal anthropogenic 
influences and originates near the Continental Divide in the forested Rocky Mountain 
National Park. The Cache la Poudre River flows through steep  mountainous terrain for 
29
approximately 69 km (43 miles) before entering the city of Fort Collins.  After traveling 
through Fort Collins, the river moves through approximately  72 km (45 miles) of a 
predominately agricultural landscape before joining the South Platte River in Greeley, 
CO (Yang and Carlson, 2003).  Major irrigation diversions on the main stem of the 
Poudre River begin approximately 100 km (62 river miles) from the source (Kim and 
Carlson, 2006). 
Figure 3.1: (A) Map of the study region showing the Cache La Poudre River, CAFOs, 
and WWTPs (B) Map of sampling locations with land use indicated
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3.2.2. Geospatial Factors
 Elevation and hydrography data for the Cache la Poudre River Watershed were 
obtained from the U.S. Geological Survey data warehouses. The National Elevation 
Dataset 1/3 Arc-Second (NED 1/3) data for the watershed were used to characterize the 
terrain. The National Hydrography  Dataset (NHD) High Resolution data were used to 
identify irrigation ditches, canals, rivers, streams, ponds, and dams in the watershed. The 
location information and capacity values for all WWTPs and CAFOs in the watershed 
were collected from the U.S. Environmental Protection Agency  Facility  Registry System 
(FRS). This dataset was augmented by personal communication with representatives of 
CAFO and WWTP facilities.
 This study presents a new method for explaining river water quality throughout 
seasonal hydrologic conditions.  Several studies have linked land-use type and/or human 
and animal population variables with water quality parameters, including phosphorus. 
(Kang et al., 2010; Russell et al., 2008; Schaefer and Alber, 2007) However, some of 
these methods are rigorous and include multiple input variables.  In order to explain the 
variability of phosphorus concentrations along the Poudre River, a simpler method was 
constructed.  To gain a better understanding of the transport of phosphorus, the Terrain 
Analysis toolbox in ESRI ArcGIS 9.3 (Redlands, CA, USA) was used to measure 
overland distance (CAFOs only), irrigation ditch distance (CAFOs only), and river 
distance from WWTPs and CAFOs to each sample location. To determine overland 
distance, the cost-surface analysis was used to calculate the distance from each CAFO to 
the nearest receiving surface water along the flow path.  Similarly, irrigation ditch and 
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river distances from WWTPs and CAFOs to each sampling location were calculated. 
While WWTPs are discharged directly  into streams, irrigation ditch and river distances 
for CAFOs were determined at the points where overland flow entered the bodies of 
water.  For each sampling location situated downstream from a WWTP and/or CAFO, a 
total flow path was calculated by adding each contributing geospatial factor.
3.2.3. Sample Collection and Analysis
 Forty-eight sampling locations were strategically monitored throughout the 
watershed to capture a range of influences from CAFOs and WWTPs (see 3.1, Panel b). 
Sample sites were allocated among pristine, agricultural, urban, and mixed urban/
agricultural land use areas. Another important consideration in the placement of sampling 
sites was based on canal/river distance from anthropogenic sources (WWTPs and 
CAFOs) and the number of people and animals that impacted each location. The 
population impacting each sample location was directly correlated to WWTP discharge in 
million gallons per day  (MGD). In order to determine the background load, five sites 
within the pristine portion of the watersheds were monitored. Three additional sites in 
cropland areas with no WWTP or CAFO were also included.
 Table 3.2 presents the five distinct  climatic and hydrologic conditions between 
April and July 2010 when samples were collected. Since one of the objectives of this 
study was to determine how different hydrologic conditions impact phosphorus 
concentrations in rivers, streams, and irrigation ditches, the timing of sampling events 
was designed to reflect  conditions before mountain snowmelt, during snowmelt/runo↵, 
32
after snowmelt, during a rainfall event, and during the peak irrigation season which 
typically coincides with low flow conditions. Figure 3.2 illustrates the flow classification 
of the sampling events based on flow observations at an upstream location at mouth of 
canyon (USGS 06752000), and a downstream location immediately  upstream of the 
confluence of the Poudre River with the South Platte River (USGS 06752500). The 
locations of these two sites are depicted in 3.1. Figure 3.2 contains the average snow 
water equivalent curve based on observed data at  two SNOTEL sites located within the 
study watershed.
The first sampling event occurred on April 23, 2010 while snowpack was still increasing 
and Poudre River flow rates averaged approximately 5.01 cubic meters per second 
according to USGS flow monitoring data (U.S. Geological Survey, 2010). Sampling for 
this date also took place at the end of a 58.4 millimeters rain event  (average rainfall 
recorded for Fort Collins and Greeley, CO on these dates). 
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Table 3.1: (a) Flow duration curves for the Cache La Poudre River at the mouth of the 
canyon near Fort Collins, CO (ST 0675000) and near Greeley, CO (ST 06752500) with 
sampling events indicated, (b) SNOTEL snow water equivalent curve for sites contained 
in the Cache La Poudre watershed, mean flow rate for the major irrigation ditches in the 
Cache La Poudre watershed, and the mean rainfall for Fort Collins and Greeley, CO.
Table 3.1: (a) Flow duration curves for the Cache La Poudre River at the mouth of
the canyon near Fort Collins, CO (ST 0675000) and near Greeley, CO (ST 06752500)
with sampling events indicated, (b) SNOTEL snow water equivalent curve for sites
contained in the Cache La Pou re w tershed, mean flow rate for the major irrigation




























1 4/23/10 4.64 13.96 571.5 1.26 58.4
2 5/19/10 26.9 24.15 706.9 0.71 14
3 6/4/10 55.5 24.44 424.2 3.85 0
4 6/18/10 60.32 60.6 0 1.19 0
5 7/16/10 13.54 2.09 0 2.1 0
6 9/17/10 1.16 1.73 0 0.7 0
7 2/22/11 0.33 2.15 494.03 0 0
Table 3.2: Hydrologic Description of Sampling Events
1 Average of Deadman Hill, Hourglass Lake and Long Draw Reservoir SNOTEL Stations
2 SWE: Snow Water Equivalent
3 Average of all monitored irrigation canals
4 Average of Fort Collins, CO and Greeley, CO
second set of samples was taken on May 19, 2010 at the height of snowpack prior
to peak runo↵. Average river flow rates for this date reached nearly 25.5 cubic
meters per second and the average cumulative 7-day rainfall for Fort Collins and
Greeley was 14.0 millimeters. The third sampling event was on June 4, 2010 in the
middle of snowmelt and runo↵ when average flow rates in the river were near 28.32
cubic meters per second, no rainfall had occurred and water in the major irrigation
ditches was flowing at an average rate of 3.85 cubic meters per second. Samples for
the fourth event were taken on June 18, 2010 when all snow had melted and runo↵
was at its peak. River flow rates for this date averaged over 42.48 cubic meters per
second. This sampling event also occurred 4 days after 48.3 millimeters of rain fell in
Fort Collins, CO and 94.0 millimeters of rain fell in Greeley, CO. The final sampling
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 The second set of samples was taken on May 19, 2010 at the height of snowpack 
prior to peak runoff. Average river flow rates for this date reached nearly  25.5 cubic 
meters per second and the average cumulative 7-day  rainfall for Fort Collins and Greeley 
was 14.0 millimeters. The third sampling event was on June 4, 2010 in the middle of 
snowmelt and runoff when average flow rates in the river were near 28.32 cubic meters 
per second, no rainfall had occurred and water in the major irrigation ditches was flowing 
at an average rate of 3.85 cubic meters per second. Samples for the fourth event were 
taken on June 18, 2010 when all snow had melted and runoff was at its peak. River flow 
rates for this date averaged over 42.48 cubic meters per second. This sampling event also 
occurred 4 days after 48.3 millimeters of rain fell in Fort Collins, CO and 94.0 
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millimeters of rain fell in Greeley, CO. The final sampling event took place July 16, 
2010. This sampling event was characterized by intense agricultural irrigation, low river 
flows downstream and no recent precipitation. As shown in Figure 3.2, flows upstream in 
the Poudre River are classified under moist conditions, while flows downstream near 
Greeley are near dry conditions. This could be due to the absence of a significant rainfall 








Figure 3.2: (a) Flow duration curves for the Cache La Poudre River at the mouth of
the canyon near Fort Collins, CO (ST 0675000) and near Greeley, CO (ST 06752500)
with sampling events indicated, (b) SNOTEL snow water equivalent curve for sites
contained in the Cache La Poudre watershed, mean flow rate for the major irrigation
ditches in the Cache La Poudre watershed, and the mean rainfall for Fort Collins
and Greeley, CO.
event took place July 16, 2010. This sampling event was characterized by intense
agricultural irrigation, low river flows downstream and no recent precipitation. As
shown in Figure 3.2, flows upstream in the Poudre River are classified under moist
conditions, while flows downstream near Greeley are near dry conditions. This could
be due to the absence of a significant rainfall event for more than a month and/or
significant irrigation diversions upstream.
A minimum of three samples (total volume of 500 milliliters) were taken at
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Figure 3.2 (a) Flow duration curves for the Cache la Poudre River at the mouth of the 
canyon near Fort Collins, CO (ST 0675000) and near Greeley, CO (ST 067525 0) with 
sampling events indicated, (b) SNOTEL snow water equivalent curve for sites contained 
in the Cache la Poudre watershed, mean flow rate for the major irrigation ditches in the 
Cache la Poudre watershed, and the mean rainfall for Fort Collins and Greeley, CO.
 A minimum of three samples (total volume of 500 milliliters) were taken at  each 
site across the width of the river or canal. The samples were collected in acid washed 
Nalgene bottles and stored at 4oC. Prior to the total phosphorus analysis, samples were 
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pre-filtered and brought to room temperature. An acid persulfate digestion method (EPA 
ESS Method 230.1) was used with a 0.06-3.5 mg/L range TP test set (Hach Company, 
Loveland, CO). TP analyses were completed within a week of the sampling date.
3.2.4. Data Analysis
 The aqueous samples were collected and measured for total phosphorus and other 
water quality  characteristics. Variation among hydrologic events was determined with an 
analysis of variance. A significant change in the phosphorus concentrations occurs 34 
miles from the confluence with the South Platte. The data along the Poudre River is 
separated at this point 34 miles from the confluence into upstream and downstream data 
sets and a separate analysis of variance was used to measure the variability of these two 
regions. CAFO and WWTP influences along the river were compared with the 
phosphorus concentrations.
 The variability and complexity of the data required a nonlinear tree regression 
analysis to determine what anthropogenic sources and transport  mechanisms have the 
greatest impact on phosphorus concentrations in the watershed for each hydrologic 
condition. The nonlinear tree regression ranked the top variables affecting phosphorus 
concentrations. A multiple linear regression was used with the entire data set to determine 
how well the top variables estimated phosphorus concentrations.
3.3. Results and Discussion
 A novel approach for determining watershed-scale impacts of point and non- point 
anthropogenic sources of contamination was developed and used in the Cache la Poudre 
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watershed in Northern Colorado. This method includes WWTP and CAFO capacity  and 
geospatial/location information of sources to obtain occurrence and transport information 
for phosphorus. In the following sections the impacts of hydrologic events on phosphorus 
concentrations are discussed. Geospatial factors influencing the transport of phosphorus, 
including irrigation ditches, are also analyzed and presented. A regression model for 
determining expected P concentrations based on capacity and location relative to 
sampling stations is also described.
3.3.1. Variability of TP Concentrations under Varying Hydrologic Regimes
 An analysis of variance was performed to determine the differences among 
samples collected from all of the sampling sites during the five hydrologic sampling 
periods and the results are shown in Figure 3.3. Phosphorus values for the first samples 
(taken during a 58.4 millimeters rainfall event) ranged from 0.080 mg/L total phosphorus 
(TP) to 2.1 mg/L TP. For the second sampling event, phosphorus values ranged from 
0.090 mg/L TP to 1.0 mg/L TP. The third sampling event yielded data ranging from 0.12 
mg/L TP to 1.0 mg/L TP, fourth sampling results yielded phosphorus values ranging from 
0.075 mg/L TP to 0.79 mg/L TP with two outliers (1.3 and 1.7 mg/L TP), and samples 
taken during the fifth sampling event ranged from 0.11 mg/L TP to 3.1 mg/L TP with one 
outlier (3.9 mg/L TP). As shown in Figure 3.3, results from the analysis of variance 
indicated that the first and fifth sampling events were statistically different from the other 
three sampling events with a p value 1.4E-7, while sampling events 2, 3, and 4 were not 
statistically different.
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yielded phosphorus values ranging from 0.075 mg/L TP to 0.79 mg/L TP with two
outliers (1.3 and 1.7 mg/L TP), and samples taken during the fifth sampling event
ranged from 0.11 mg/L TP to 3.1 mg/L TP with one outlier (3.9 mg/L TP). As
shown in Figure 3.3, results from the analysis of variance indicated that the first
and fifth sampling events were statistically di↵erent from the other three sampling






Figure 3.3: Analysis of variance for testing the di↵erences between samples collected
during di↵erent hydrologic regimes (snow-melt driven vs. event-driven).
These results show the impacts of di↵erent hydrologic regimes on the occur-
rence and transport of phosphorus concentrations in surface water. The average
annual precipitation for the semiarid foothills of Colorado, in which the Cache la
Poudre Watershed is contained, is approximately 381 millimeters per year [99]. In
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Figure 3.3: Analysis of variance for testing the differences between samples collected 
during d fferent hydrologic regimes (snow-melt vs. event-driven)
 These results show the impacts of different hydrologic regimes on the occurrence 
and transport of phosphorus concentrations in surface water. The average annual 
precipitation for the semiarid foothills of Colorado, in which the Cache la Poudre 
Watershed is contained, is approximately  381 millimeters per year [99]. In this study a 
58.4 millimeters rainfall event was captured in the first sampling event. Significantly 
higher phosphorus concentrations found in the samples taken the day of the rainfall event 
underline how precipitation, and hence runoff, increases non- point source (in this case, 
CAFO) phosphorus concentrations in rivers and streams. The fourth sampling event was 
also taken after a rainfall event but occurred at a di↵erent point in the hyetograph (four 
days after rainfall). As shown in Figure 3.3, samples from this event did not show 
statistically  higher phosphorus concentrations. This suggests that in order to capture 
nonpoint source impacts on surface water due to excess runoff during precipitation 
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events, samples must be obtained during or immediately after significant precipitation 
events. This is an important finding with regards to sampling plans because it  shows the 
importance of timing when monitoring surface water quality.
 The fifth sampling event also showed elevated phosphorus concentrations. As 
presented in Table 3.2, the most striking di↵erence between the first and fifth sampling 
events and the other three sampling events was the average flow in the Poudre River. 
Average river flows for the first and fifth samples were 5.01 cubic meters per second and 
4.08 cubic meters per second, respectively, while the lowest average river flow for the 
other three events was 25.0 cubic meters per second. Since phosphorus was measured 
using concentration (in mg/L), low flows and the lack of dilution for point sources helps 
explain significantly higher P levels during the fifth sampling event.
3.3.2. Phosphorus Concentration along the Poudre River
 A statistically significant difference of measured phosphorus concentration 
occurred upstream and downstream from the point where the effluents from three major 
WWTPs enter the Poudre River for all hydrologic events, as shown in Figure 3.4. The 
three WWTPs include Boxelder Sanitation District (2.1 MGD average flow), Drake 
Water Reclamation Facility (15.2 MGD average flow) and South Fort Collins Sanitation 
District (2.8 MGD average flow) and combine to be the largest phosphorus point source 
on the Poudre River. The average monthly flow of the gross effluent from each WWTP 
was used for the analysis [7]. The gross effluent from each WWTP remained relatively 
consistent during the sampling period.
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Figure 3.4: Total phosphorus concentration measured along the Poudre River for all five 
hydrologic events.  Each event is divided by samples taken upstream and downstream 
from significant WWTP influence.
 Figure 3.4 illustrates that the variability in the upstream phosphorus concentration 
is minimal. An average of 0.15 ± 0.065 mg/l was measured for all of the upstream 
samples and this value is assumed to be the background phosphorus concentration in the 
Poudre River, which is consistent with the mean total phosphorus concentration of stream 
water in the continental U.S. of 0.13 mg/l [125]. The upstream region is dominated by 
pristine region with some urban influence.
 While slightly more variation was observed in the downstream data sets 
corresponding to events two, three and four, events one and five exhibited the highest 
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variation in the downstream phosphorus concentration. The first sampling event was 
characterized by precipitation, which expedites phosphorus mobilization and inhibits 
natural attenuation. Event five was characterized by low flows, which minimizes 
phosphorus mobilization and promotes natural attenuation. These events also captured the 
highest phosphorus concentrations due to less dilution with low flow conditions.
 The natural attenuation, which likely occurred during the fifth sampling events, 
can be seen in Figure 3.5, as the phosphorus concentration decreases as the distance from 
sources increases. Furthermore, the influence of CAFOs was greatest during the 
precipitation event (Event 1), highlighting the temporal importance of capturing nonpoint 
sources. Event five also showed the impact of CAFOs, where phosphorus concentrations 
decreased until the location where the river is impacted by a large number of CAFO 
animals. This may be due to the low flow conditions or an increased return flow from 
irrigation canals promoting phosphorus transport. The impact of CAFOs on water quality 
was also seen in the first sampling event, but  attenuation was not achieved due to mixing 
from the rain event and continual inputs from runoff as the water flows downstream. 
Despite an increased CAFO influence for the first and fifth hydrologic events, the three 
WWTPs dividing upstream and downstream data sets had the greatest influence on 
phosphorus concentrations in the Poudre River.
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Figure 3.5: The phosphorus concentration along the Poudre River as a function of the 
distance from the confluence of the river, with WWTP and CAFO influence points 
shown, for all events.  The WWTP and CAFO influence indicates the point where the 
river is influenced and does not show the cumulative capacity.
 In contrast, the high flow events (events 2, 3 and 4) do not appear to be influenced 
by the distance from the source. For example, event three in Figure 3.5 shows two 
distinct and consistent phosphorus values upstream and downstream from the WWTPs. 
For this event the phosphorus concentration in the river substantially increased where 
major WWTP effluents discharge to the river, and remained relatively unchanged flowing 
downstream. These events also have a lower phosphorus concentration due to increased 
dilution. This may suggest low flow conditions have higher background concentrations 
due to a lack of dilution but natural phosphorus attention reduces the downstream 
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concentration. Furthermore, high flow conditions limit downstream attenuation but 
dilution reduces the background concentration.
 In this study region both CAFOs and WWTPs impact phosphorus concentrations 
in the Poudre River. For example, the largest increase in phosphorus concentration occurs 
53 km from the confluence. This sample location experiences the highest WWTP 
influence (18 MGD average flow) and the third highest CAFO influence (154,000 
animals). Since a significantly smaller increase of phosphorus concentration occurs under 
the influence of a much higher CAFO influence (76,550) and no WWTP influence, it may 
indicate WWTP influences dominate the downstream phosphorus concentration of the 
river.
3.3.3. Key Geospatial Factors
 Tree Regression Analysis Due to the complexity  of the geospatial setting in the 
Cache la Poudre watershed, a regression tree analysis was used to determine the most 
important factors for determining phosphorus concentrations in the watershed. The 
nonlinear regression method partitions the space into smaller, more manageable regions 
that make up each branch of the tree. This analysis gives insight into the components that 
affect phosphorus concentration the most for each hydrologic condition. The results for 
all of the sampling events are shown in Table 3.3 with the ranking of significance for 
each component.
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Table 3.3: Summary of critical anthropogenic and spatial factors affecting phosphorus 
concentration along the Cache La Poudre River for each sampling event
condition. The results for all of the sampling events are shown in Table 3.3 with
the ranking of significance for each component.
Table 3.3: Summary of critical anthropogenic and spatial factors a↵ecting phospho-
rus concentration along the Cache La Poudre River for each sampling event
Component Significance
Date Primary Secondary Tertiary
4/23/10 CAFO Capacity CAFO Canal Distance WWTP Capacity
5/19/10 WWTP Stream Distance CAFO Capactiy IDW1
Overland Distance
WWTP Capacity
6/4/10 WWTP Stream Distance WWTP Capacity CAFO Stream Distance
6/18/10 CAFO Capacity IDW
Overland Distance
CAFO Canal Distance CAFO Stream Distance






1 IDW: Inverse Distance Weighted
As shown in Figure 3.6, the most important variable impacting phosphorus
concentrations for the first sampling (precipitation event) was CAFO capacity al-
though CAFO canal distance, WWTP capacity and CAFO overland distance were
also important. For the fifth sampling event (irrigation dominated), taken dur-
ing low river flow conditions during irrigation, the most important variables were
WWTP capacity and CAFO capacity. It appears that unless there is a precipitation
event, WWTP capacity will determine the TP concentration in the system, while
CAFO capacity and irrigation canal distance will determine TP during precipita-
tion events. This could also explain the outcome of the fourth sampling events tree
regression, which shows all CAFO variables to be most important. Sampling for
this event occurred four days after a rain fell throughout the watershed.
In the presence of significant rainfall, nonpoint sources have a greater influ-
ence on phosphorus concentrations. As the number of animals impacting a location
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 As shown in Figure 3.6, the most important variable impacting phosphorus 
concentrations for the first sampling (precipitation event) was CAFO capacity  although 
CAFO canal distance, WWTP capacity  and CAFO overland distance were also important. 
For the fifth sampling event (irrigation dominated), taken during low river flow 
conditions during irrigation, the most important  variables were WWTP capacity and 
CAFO capacity. It appears that unless there is a precipitation event, WWTP capacity will 
determine the TP concentration in the system, while CAFO capacity  and irrigation canal 
distance will determine TP during precipi ation events. This could also explain the 
outcome of the fourth sampling events tree regression, which shows all CAFO variables 





Figure 6: Regression tree analysis for the 4/23-24/2010 (precipitation event) and 7/26/2010 558 
(End of runoff and middle of irrigation period) sampling events, where Low = 0-0.2 mg/LTP, 559 
Medium = 0.2-0.4 mg/LTP, and High- = 0.4-1 mg/LTP, and High+ = >1 mg/LTP. 560 
Figure 3.6: Regression tree analysis for the 4/23-24/2010 (precipitation event) and
7/26/2010 (End of runo↵ and middle of irrigation period) sampling events, where
Low = 0-0.2 mg/LTP, Medium = 0.2-0.4 mg/LTP, and High- = 0.4-1 mg/LTP, and
High+ = greater than 1 mg/LTP.
increases, the importance of geospatial factors (e.g. irrigation ditch/canal and over-
land distance) also increases as shown in Figure 3.6. As the number of animals im-
pacting a location decreases, the importance of point sources (WWTPs) increases.
The final sampling event also produced high concentrations of phosphorus, but these
results were not due to rainfall. These significantly higher concentrations are likely
due to low flow conditions decreasing the WWTP dilution e↵ect. Therefore, it may
be inferred that hydrologic events contributing to the occurrence of significantly
higher phosphorus levels in surface water include precipitation and low flow condi-
tions.
Multiple Linear Regression The nonlinear tree regression was used to rank criti-
cal anthropogenic and spatial factors impacting phosphorus concentrations in the
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Figure 3.6: Regression tree analysis for the 4/23-24/2010 (precipitation event) and 
7/26/2010 (End of runoff and middle of irrigation period) sampling events, where Low is
0 to 0.2 mg/l TP, Medium is 0.2 to 0.4 mg/l TP and High is 0.4 to 1.0 mg/l TP and High+ 
is greater than 1 mg/l TP.
 In the presence of significant rainfall, nonpoint sources have a greater influence 
on phosphorus concentrations. As the number of animals impacting a location increases, 
the importance of geospatial factors (e.g. irrigation ditch/canal and overland distance) 
also increases as shown in Figure 3.6. As the number of animals impacting a location 
decreases, the importance of point sources (WWTPs) increases. The final sampling event 
also produced high concentrations of phosphorus, but these results were not due to 
rainfall. These significantly  higher concentrations are likely due to low flow conditions 
decreasing the WWTP dilution effect. Therefore, it may be inferred that hydrologic 
events contributing to the occurrence of significantly  higher phosphorus levels in surface 
water include precipitation and low flow conditions.
Multiple Linear Regression The nonlinear tree regression was used to rank critical 
anthropogenic and spatial factors impacting phosphorus concentrations in the Cache La 
Poudre River basin.  Furthermore, a multiple linear regression was used to determine how 
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well these key  factors explain total phosphorus concentrations. Following the tree 
regression analysis results, spatial distances were used directly or to inverse distance 
weight anthropogenic factors in the multiple linear regression equations (Equations 1-5 
shown in Figure 3.7)
Cache La Poudre River basin. Furthermore, a multiple linear regression was used
to determine how well these key factors explain total phosphorus concentrations.
Following the tree regression analysis results, spatial distances were used directly
or to inverse distance weight anthropogenic factors in the multiple linear regression
equations (Equations 1-5 shown in 3.7).
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directly or to inverse distance weight anthropogenic factors in the multiple linear regression eq-338 
uations (Equations 1-5 shown in Table 3).  339 
Table 3: Multiple linear regression equations for each sampling event using critical anthropo-340 
genic and spatial factors obtained from the nonlinear tree regression analysis. 341 
Sampling Event/ 
Equation Number 
Multiple Linear Regression (MLR) Equation Coefficient of 
Determination 
(R2) 
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Figure 3.7: Multiple linear regression equations for each sampling event using crit-
ical anthropogenic and spatial factors obtained from the nonlinear tree regression
analysis.
In Equations 1-5, the capacities of animal CAFOs (in number of animals) and
WWTPs (in MGD) are represented by CCAFO and CWWTP , respectively. The over-
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Figure 3.7: lti l  linear regres ion equations for each sampling event using criti al 
anthropogenic and spatial factors obtained from the nonlinear tree regression analysis.
 In Equations 1-5, the capacities of animal CAFOs (in number of animals) and 
WWTPs (in MGD) are represented by CCAFO and CWWTP, respectively. The overland 
distance, canal distance, and stream distance from each CAFO to the sampling location 
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on the river (in km) are denoted by dCAFO_OL, dCAFO_canal and dCAFO_stream respectively. 
Similarly, the stream distance from WWTPs to the sampling location (in km) is denoted 
by dWWTP_stream.
 The most important variables for the first sampling event according to the tree 
regression analysis were CAFO capacity, CAFO canal distance, and WWTP capacity. 
These three variables along with WWTP stream distance provided the highest R2 values 
in the multiple linear regression (MLR) analysis (Equation 1, 3.7). These four values 
alone with no inverse distance weighting gave a R2 value of 0.59. When CAFO overland 
distance and CAFO stream distance were added, the R2 value increased slightly to 0.60.
 Equation 1 shows that all variables were used with no inverse distance weighting, 
indicating that contribution rather than attenuation was occurring with distance. Table A.2 
in the supplementary material shows the relative importance of each variable when added 
one by  one into the MLR equation. The order that each variable was added into the 
equation was based on the tree regression results. When only  CAFO capacity was used, 
R2 was 0.34. The next variable added was CAFO canal distance, which produced a R2 
value of 0.41. R2 value did not increase significantly again until WWTP stream distance 
was added (R2  = 0.59). According to the tree regression, WWTP capacity was the third 
most important variable, however the MLR suggests that WWTP stream distance is more 
important. However, it  could just be that the combination of these variables is what 
produces the higher regression coefficient. As mentioned previously, all variables had to 
be used separately in the MLR equation with no inverse distance weighting. This could 
be explained as the distances indicating source areas rather than sink areas due to the 
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confounding nature of stream distance with overland runoff. Attenuation of phosphorus 
cannot occur due to mixing and continual inputs from runoff as the water flows 
downstream. This is also supported by Figure 3.5, which shows minimal attenuation 
downstream.
 According to the tree regression analysis, WWTP stream distance, CAFO capacity  
inverse distance weighted with overland distance, and CAFO stream distance were the 
three most  critical variables for the second sampling event. This was supported by the 
MLR analysis. The final variables used are shown in Equation 2. Table A.2 in the 
supplemental information shows that the R2 value only  significantly increased when each 
of these three variables were added. R2 values greater or equal to 0.7 were only  found 
when CAFO canal distance and CAFO stream distance were used directly and CAFO 
capacity was inverse distance weighted with CAFO overland distance in the regression 
equation. It  made no di↵erence whether or not WWTP stream distance was direct or used 
in inverse distance weighting, but the highest R2 value was obtained when WWTP stream 
distance was a separate variable and not used to inverse distance weight WWTP capacity.
 WWTP stream distance, WWTP Capacity, and CAFO stream distance were 
presented as the most critical anthropogenic and spatial variables for the third sampling 
event by the nonlinear tree regression. This was supported by the MLR analysis 
(Equation 3). When only WWTP stream distance was used, R2 =0.69; and when WWTP 
capacity was included in the regression equation, R2 values were above 0.75. This 
sampling event also produced the highest overall regression coefficient (R2 =0.84).
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 The most important variables impacting phosphorus concentrations in the fourth 
sampling event were CAFO capacity  inverse distance weighted with overland distance, 
CAFO canal distance, and CAFO stream distance. These variables did not agree with the 
multiple linear regression analysis (Equation 4). WWTP capacity needed to be inverse 
distance weighted with WWTP stream distance (implying attenuation) in order for the R 
R2 value to be above 0.50. The top three variables according to the tree regression only 
produced an R2 value of 0.31. The highest R2 values were achieved when CAFO canal 
distance was input directly into the regression equation and when CAFO capacity  was 
direct or inverse distance weighted by overland distance. However, it  was not until the 
WWTP variable was input into the equation that R2 increased to 0.59.
 WWTP capacity, CAFO capacity, and CAFO canal distance were the most 
significant variables in the tree regression analysis for the fifth sampling event. The 
multiple linear regression analysis also seemed to indicate that  this event was dominated 
by WWTP activity. Only when WWTP capacity  was inverse distance weighted (implying 
attenuation with distance) were R2 values greater or equal to 0.60. The highest coefficient 
of determination (R2 = 0.65) was obtained when CAFO capacity was inverse distance 
weighted with CAFO canal distance (Equation 5). Obtaining best possible coefficient of 
determination (R2 = 0.65) required the inclusion of all variables in the regression 
equation. This sampling event produced the same three most important variables as the 
first sampling event. However, inverse distance weighting was used for the regression 
analysis while it was not used for the data produced from sampling during a precipitation 
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event. It appears that during low flow conditions with no rainfall, attenuation of 
phosphorus occurs downstream from the source.
3.4. Conclusion
 The results of this study suggest that the impacts of CAFOs and WWTPs on 
phosphorus concentrations throughout a watershed can differ significantly  under varying 
hydrologic conditions. During a precipitation event, CAFO capacity  and canal distance 
appeared to be the most important factors for determining phosphorus concentrations in 
the Poudre River. The significantly  higher phosphorus concentrations during the rainfall 
event and the importance of canal distance as a geospatial variable substantiate the 
assumption that irrigation ditches are important transport mechanisms for phosphorus in 
arid regions where natural tributaries are rare. CAFOs would not have as great an impact 
on surface water quality without a mechanism for the transport of nutrients and other 
contaminants. Irrigation ditches provide this mechanism and should be analyzed and 
managed more closely  as regional, state, and local agencies prepare to develop and 
implement phosphorus regulations and standards.
 In the absence of rainfall and during low river flow conditions, WWTPs have a 
greater impact on phosphorus concentrations. Additionally, as regulations and standards 
require monitoring programs to be put into place, it is important to beaware of hydrologic 
conditions when obtaining phosphorus data on a continual basis because precipitation 
events coupled with irrigation practices and low flows may increase phosphorus 
concentrations above required levels. This study also shows the importance of location 
when choosing sampling sites. Geospatial variables such as the intensity of anthropogenic 
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activities (CAFO, WWTP) and surface flow distances are key in representing the fate and 
transport of hydrophobic compounds. Geospatial analysis presents an opportunity for 
selecting sampling sites with maximum information content. The methods used could 
also contribute to more effective placement of pollution control strategies in watersheds.
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4. Relative Phosphorus Load Input from Wastewater 
Treatment Plants to the Cache la Poudre River
Kenneth Carlson, Ji-Hee Son, Stephen Goodwin, Cortney Cowley, Mazdak Arabi
Department of Civil and Environmental Engineering 
Colorado State University, Fort Collins, Colorado
Abstract Excess nutrients are one of the leading sources of water quality impairment and 
the United States Environmental Protection Agency (USEPA) has been working with 
states to develop nutrient criteria for wastewater treatment plants. The Colorado 
Department of Public Health and Environment (CDPHE) is scheduled to establish 
nutrient regulations in 2012 and a stream standard of 0.16 mg/L of total P (TP) 
concentration has been proposed for the warm water rivers in the state. The objectives of 
this study were to monitor TP concentrations and loads along the Cache la Poudre (CLP) 
River as it  flows from the pristine upstream area through urban regions and finally 
through a mixture of agricultural and urban land uses. The study attempts to evaluate the 
sources and influences of TP under di↵erent  hydro- logic conditions. Nine sampling 
events were conducted from April 2010 to May 2011 to capture the influence of various 
flow and precipitation conditions on aqueous and riverbed sediment TP concentrations. 
During mid-range flows and dry conditions, wastewater treatment plants (WWTPs) were 
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the major sources of TP but other sources were observed to be more significant under 
high flow and rain conditions ac- cording to a load analysis. Reducing the TP load from 
WWTPs through regulation will only marginally impact the TP load in the river and 
therefore it appears that other sources (e.g. stormwater and agricultural runoff) will need 
to be addressed before the aquatic life-based stream standard can be achieved. The study 
indicates a need for real-time load monitoring in a watershed that could lead to flexibility 
in WWTP discharge limits based on the overall TP load in the river from other sources.
keywords: Phosphorus, Nutrient Regulations, Wastewater Treatment Plants, Load 
Analysis, Cache la Poudre River
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4.1. Introduction
 The Environmental Protection Agency's (EPA) 305(b) reports consistently rank 
excess nutrients as a leading water quality impairment in assessed rivers, lakes and 
estuaries [131]. Increases in the concentration of nutrients are the primary cause of 
eutrophication of water bodies [98, 17, 27, 26]. Excess eutrophication in Colorado's 
freshwater lakes, reservoirs and streams is chiefly due to phosphorus load- ing [30]. 
Eutrophication frequently results in algal or cyanobacteria blooms in the summer months 
leading to anoxia, fish kills, murky water and the depletion of flora and fauna [17, 81, 
64]. In drinking water sources, the increased algae growth is a public health concern, 
requiring additional chlorination creating more disinfection by-products. Taste and odor 
issues also increase with excess algae and the activity of microbes can potentially lead to 
additional health concerns.
 In 1998 the EPA began to address the need for a national nutrient management 
program to control eutrophication. In 2001, the EPA placed the responsibility  of 
determining an acceptable nutrient value on the individual states due to the variability of 
total P discharges that exists throughout the country due to hydrologic conditions [69], 
geology [48], agricultural [68, 70] and urban land uses [42, 118].
 A nutrient criteria work group was established by the Colorado Department of 
Public Health and Environment (CDPHE) to develop phosphorus and nitrogen limits to 
best protect Colorado’s waterways and serve the public interest. Studies have shown that 
an upper limit of 0.16 mg/l TP is required for healthy warm water river ecosystems in 
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Colorado [80]. The CDPHE has been working to determine a proposed point source limit 
of total phosphorus necessary to protect uses.
 The goal of this study was to examine the role of TP loads from WWTPs on the 
Poudre River and to determine the impact of temporal, hydrologic and spatial variations. 
An extensive survey of the Poudre River and WWTPs was done over a more than a year 
to estimate cumulative loads and contributions from each known source. Finally, 
projections on the impact of proposed TP reductions at WWTPs on the Poudre River 
were made using cumulative load calculations.
4.2. Materials and Methods
 Study Area The Cache La Poudre (CLP) River is located in the front range of 
Colorado and is a well-suited watershed to study the occurrence and transport  of nutrients 
within a river. The CLP River originates in the Rocky Mountains, ap- proximately 60 
miles west of where the river joins the South Platte River. The value of studying this 
watershed is the presence of a distinct  pristine region upstream of Fort Collins, an urban 
corridor through Fort  Collins that includes four wastewater treatment plants of varying 
sizes and a downstream section that  is dominated by agricultural land uses [144]. A map 
of the watershed and the associated land uses is shown in Figure 4.1.
 The limit of TP concentration in this area has been proposed as 0.16 mg/L for 
rivers based on ecological and aquatic life concerns. The potential sources of TP in the 
study area are WWTPs and nonpoint sources, such as storm water from the built 
environment and agricultural runoff from confined animal feeding operations (CAFOs) 
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and cultivated cropland. 15 sampling sites were selected to study phosphorus load inputs 
from the relatively  pristine area (sample ID 1-3) as a background load, the urbanized area 
(sample ID 4-10) from the point sources such as WWTPs and storm water, and the 
agricultural area (sample ID 11-15) from agricultural runo↵ through irrigation return 
flows.
 The cities in the study area have a total of 5 WWTPs. As shown in Figure 4.2, the 
most upstream WWTP is the Mulberry Water Reclamation Facility (MWRF) which has a 
capacity of 6 mgd but it  has been offline during the study period due to renovation so the 
water from MWRF was sent to the Drake Water Reclamation Facility  (DWRF) which has 
the largest capacity (23 mgd) among the 5 WWTPs and highest average annual summer 
flow (18 mgd). The effluents from DWRF and South Fort Collins Sanitation District 
(SFCSD), design capacity  of 4.5 mgd, are discharged into Fossil Creek Reservoir and the 
water enters the Poudre River from there. Boxelder Sanitation District (BSD) therefore is 
the most upstream WWTP since the MWRF has remained closed.
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Figure 4.1: Map of study area showing land use, WWTPs, USGS stations and 15 
sampling points along the Cache la Poudre River.
 Sample sites 1 through 8 are located upstream of all WWTPs and four WWTPs 
are clustered between sampling sites 9 and 10. The WWTP load analysis is done with 
results from site 10 and the three upstream WWTPs. The Windsor wastewater treatment 
plant (WiWWTP) is located between sites 11 and 12 but the capacity is low at 2.8 mgd 
and the average flow is 1.1 mgd.
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Figure 4.2: Map of study area showing land use, WWTPs, USGS stations and 15 
sampling points along the Cache la Poudre River.
 Sampling Events Nine sampling campaigns were conducted between April, 2010 
and May 2011 to quantify TP load and concentration variability under different 
hydrologic conditions. The hydrologic conditions on the event dates are described in 
Table 4.1. Sampling dates were chosen to represent all 5 classes of hydrologic conditions; 
high flows, moist  conditions, mid-range flows, dry conditions and low flows under 
various precipitation and irrigation conditions. The flow duration curves in Figure 4.3 
were developed from 100-year flow data from 1999 to 2009 collected from USGS station 
06052000 for the upstream and 06052500 for the downstream. As shown in the figure, 
there is a difference between upstream and downstream flow rates of the river, due to 
irrigation and other water transfers. Therefore the hydrologic conditions can be different 
on the same day.
 The first sampling campaign date (April, 2010) was selected when the snowpack 
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started to melt and there was high precipitation in the study area resulting in moist 
conditions in the upstream and high flows in downstream sections of the river. The 
second sampling campaign was conducted under high flows in upstream and downstream 
and when the snow water equivalent (SWE) was at a peak for the year. SWE is the 
volume of water equivalent of snowpack that was present in the headwater. SWE is 
important especially for the study area that is located in a semi-arid region because the 
major source of the river water is from the snowpack accumulated during winter months. 
Sampling events 5 and 7 represent the mid- range flow conditions and sampling events 6 
and 8 correspond to dry conditions in the downstream section. Figure 4.3 shows the 
hydrologic conditions and flow rates in upstream and downstream sections of the river on 
the nine event dates.
 It is important to note that  downstream flows (USGS 06052500) exceeded the 
upstream flow (USGS 06052000) during mid-range flow, dry conditions and low flows 
(Figure 4.3) and the flow decreased through the middle of the stream and increased again 
in the downstream on most of the sampling event dates (Table 4.1). This phenomenon 
was clear in event 1 as the flow in the upstream section (USGS 06052000) was 164 ft3/s, 
decreased to 46 and 88 ft3/s as the stream went through the City of Fort Collins located in 
the middle of the study area and then increased to 493 ft3/s which is about 3 times that of 
the upstream flow. From this observation, it is believed that there are irrigation flows 
taken above the upstream gage and significant return flows in the downstream reach of 
the CLP River.
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Table 4.1: Summary of hydrologic conditions along the Cache La Poudre River for each 
sampling event


























1 4/23/10 164 46 88 493
2 5/19/10 950 1010 885 853
3 6/4/10 1960 873 716 863
4 6/18/10 2130 1550 1290 2140
5 7/16/10 478 84 72 74
6 9/17/10 40 41 23 60
7 2/22/11 - 19 2.4 75
8 4/26/11 112 35 29 57
9 5/12/11 543 103 141 343
1Cache la Poudre River at canyon mouth near Fort Collins
2 Cache la Poudre River at Fort Collins
3 Cache la Poudre River above Boxelder Creek near Timnath
4 Cache la Poudre River near Greeley
56
60
Table 4.2: Summary of hydrologic conditions along the Cache la Poudre River for each 
sampling event.




















1 4/23/10 118 18.7 1.20 6.8
2 5/19/10 0 24.8 0.4 10.6
3 6/4/10 366 13.7 0 9.4
4 6/18/10 11.6 0 0 11.7
5 7/16/10 108 0 0.02 17.2
6 9/17/10 20.4 0 0.03 14.5
7 2/22/11 0 19.5 0.02 0.5
8 4/26/11 71.7 37.6 0.32
9 5/12/11 274 39.9 1.21
1Colorado Department of Water Resources measured at 30 ft. Parshall Flume
2 Measured at the City of Fort Collins Water Treatment Facility Poudre River intake at Gateway Park
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Figure 4.3: Percentage of flow exceedence curve, flow rates and hydrologic conditions on 
the sampling event dates. Discharge of event 7 at USGS station 06052000 was replaced 
by a record at USGS station 0672260 due to ice.
 Aqueous and Sediment TP Analysis Aqueous and river bed sediment samples 
were collected from the middle of the stream and transferred to 50ml Nalgene bottles and 
plastic Ziploc bags, respectively, using a grab sampling method. Collected aqueous 
samples were then transported to the laboratory and kept at 4oC until measured. Sediment 
samples were air dried as soon as they were transported to the laboratory, ground and 
sieved through 2mm sieves and kept at 4oC with aqueous samples until analysis. 
Aqueous TP was measured using an acid persulfate digestion method (Hach method 
8190; USEPA standard method 4500 P-E; Eaton, 2005) with a 0.06- 3.5 mg/L range TP 
analysis set (Hach Company, Loveland, CO). For the sediment analysis, microwave 
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digestion method (Littau and Engelhart 1990) was used prior to the TP measurement 
using the colorimetric method (Hach Company, Loveland, CO).
 TP Load Duration Curve The load duration curve for the downstream sample 
site (sample ID 11-15) was created using flow data that were collected from 1999- 2009 
at USGS station 06052500 multiplied by the proposed 0.16 mg/L TP stream standard 
concentration limit  in the river in the study area. The background load was estimated 
using the same flow data used for the load duration curve multiplied by 0.13 mg/L, the 
background concentration that is the average concentration from sample IDs 1 and 2 for 
the 9 events. Sample sites 1 and 2 were selected for estimation of the background 
concentration because these sites are located on the South Fork of the CLP River, 
upstream of the confluence with the North Fork. These sites are considered pristine since 
there is no significant source of phosphorus in the area. Since the North Fork is 
influenced by  agricultural areas and septic systems, sample sites downstream of the 
confluence were excluded from the background estimation.
Annual Cumulative Load Analysis in the Poudre River The cumulative annual 
phosphorus load was estimated at site 10, located just down stream from the first four 
WWTPs. Daily  Poudre River discharge data from USGS 06752280 and the periodic 
aqueous total phosphorus concentrations sampled were used to estimate a daily 
phosphorus load. Although phosphorus concentrations in a river show variability, for this 
analysis it was assumed the phosphorus concentration at site 10 remained constant 
between sampling events. The daily total phosphorus load was integrated using a basic 
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trapezoidal integration method to estimate the cumulative annual total phosphorus load in 
the Poudre River at site 10.
Annual Cumulative Load Analysis from WWTPs WWTP effluent discharge rates and 
total phosphorus concentrations [7], averaged monthly, were used to estimate a monthly 
phosphorus load. The cumulative annual phosphorus load was estimated by  integrating 
the monthly phosphorus load using a basic trapezoidal integration method.
4.3. Results and Discussion
 The TP concentration profiles in the Poudre River are shown for all nine sampling 
campaigns in Figure 4.4. Concentrations of TP upstream of WWTPs with only light 
urban and minimal agricultural influences (sample ID 1-8) were relatively constant in the 
range of 0.07-0.26 mg/L with 0.036 of standard deviation. However, downstream of the 
major WWTP inputs (sample ID 9-10) where there are significant urban and agricultural 
influences (sample ID 9-15), the TP concentrations increase significantly. The first peak 
was observed at a maximum of 1.49 mg/L downstream of BSD (sample ID 9) except for 
high flows when dilution is more important. The second peak was at the downstream of 
Fossil Creek Reservoir (sample ID 10) where MWRF, DWRF and SFCSD discharge their 
effluents into the river and the TP concentration ranged from 0.34 to 3.1 mg/L.
 As seen in events 6 and 7, the TP concentrations in the river are more sensitive to 
WWTP effluents during dry conditions (no precipitation), low flows and when there is no 
irrigation. The three peaks were observed at the downstream of WWTPs (sample ID 9, 10 
and 12) and the highest peak of event 7 at the downstream of BSD (sample ID 9) was due 
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to the low river flow of 2.4 ft3/s. Attenuation from the peaks was observed during mid-
range flows and dry conditions downstream of WWTPs (event 5-8) while downstream 
TP concentrations were relatively  constant or increased from the peak for high flows 
(event 2-4, 9), most likely due to inputs from agricultural return flows during the 
irrigation season. However TP concentrations decreased slightly  in the downstream 
fraction of the river during event 1 even though it was during higher flows due to a 
rainfall event.
 In Figure 4.4, the instantaneous TP loads are shown for each sampling event at 
each sampling location. The instantaneous TP load was estimated by  multiply- ing the 
flow obtained from the closest USGS gauging station by  the measured TP concentration 
data at that point  in the river. The calculated TP load depends on the river flow rates and 
therefore a significant difference of TP load under high flows from other hydrologic 
conditions were observed even in the upstream of river. The range of TP loads upstream 
of WWTPs during high flows was 24-1055 kg/d and 98-4136 kg/d in the downstream 
section. In comparison, the range of TP loads upstream for non-high flow condition was 
0.8-52 kg/d in upstream and 5-546 kg/d in the downstream section.
65
river. The range of TP loads upstream of WWTPs during high flows was 24-1055 kg/d and 98-
4136 kg/d in the downstream section. In comparison, the range of TP loads upstream for non-
high flow condition was 0.8-52 kg/d in upstream and 5-546 kg/d in the downstream section.  
 
Figure 4-(A) TP concentrations and (B) TP loads (kg/d) along Poudre River on different event dates. 
Discharge data from USGS 06052000 was used for sample ID 1-3, USGS 06752260 for sample ID 4-6, USGS 





Figure 4.4: (A) TP concentrations and (B) TP loads (kg/d) along Poudre River on
di↵erent event dates. Discharge data from USGS 06052000 was used for sample ID
1-3, USGS 06752260 for sample ID 4-6, USGS 06752280 for sample ID 7-10, USGS
06052500 for sample ID 11-15.
than 152 kg/d, the estimated daily load from the five WWTPs. The TP load from
WWTPs will vary but it is relatively constant on an annual basis so it is believed
that there are other major sources of TP that enters the river during high flow
conditions. The peak of TP load in the downstream section was observed on event
4 when the downstream flow peaked at 2140 ft3/s. During mid-range flows and
dry conditions, the downstream TP loads were similar to or lower than the loads
from WWTPs except event 5 when the influence of irrigation was greater than
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Figure 4.4: (A) TP concentrations a   TP loads (kg/d) along Poudre River on 
different event dates. Discharge data from USGS 06052000 was used for sample ID 1-3, 
USGS 06752260 for sample ID 4-6, USGS 06752280 for sample ID 7-10, USGS 
06052500 for sample ID 11-15.
 Although Figure 4.4 shows that a few TP concentrations for high flow events were 
lower than dry condition concentrations, a significant amount of TP enters the river 
during high flow periods that corresponds with the the peak irrigation and urban runoff 
seasons. For   high flows, the load inputs were significantly greater than 152 kg/d, the 
estimated daily load from the five WWTPs. The TP load from WWTPs will vary but it is 
relatively constant on an annual basis so it is believed that there are other major sources 
of TP that enters the river during high flow conditions. The peak of TP load in the 
downstream section was observed on event 4 when the downstream flow peaked at 2140 
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ft3/s. During mid-range flows and dry conditions, the downstream TP loads were similar 
to or lower than the loads from WWTPs except event 5 when the influence of irrigation 
was greater than other events in mid-range flows or dry  conditions. Figure 4.5 presents 
the ranges of TP concentration (mg/L) using box plots in the upstream and the 
downstream of WWTPs under various hydrologic conditions with di↵erent  flow rates. 
For the 9 events, TP concentrations upstream from the municipal wastewater plants (site 
10) were relatively constant and ranged from 0.07 to 0.26 mg/L and the median was 0.15 
mg/L. However downstream TP concentrations varied from 0.17 to 3.1 mg/L and the 
median was 0.75 mg/L. The ranges of downstream TP concentrations under high flow 
conditions were relatively low which indicates a constant input of TP downstream, most 
like due to irrigation return flows, and less or no attenuation along the river. Compared 
with Figure 4.4, it  was found that there was attenuation in the downstream when ranges 
of TP concentration were wide (event 1, 5-8).
Figure 4.5: Ranges of TP concentrations (mg/L), flow rates (cfs) and hydrologic 
conditions in upstream (USGS 06052000) and downstream (USGS 06052500) of the 
CLP River on each event date.
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 The ranges of TP loads (kg/d) and flow rates for the various hydrologic conditions 
upstream and downstream are shown in Figure 4.6. The box plots of the upstream section 
are the loads calculated by multiplying the upstream flow data from USGS station 
06052000 by the measured TP concentration from sample IDs 1-3 which correspond to 
the flow. The downstream load box plots are estimated using the downstream flows 
collected from USGS station 06052500 and multiplying this by the TP concentration 
from sample IDs 11-15. The TP concentration data from sample IDs 4-10 were not used 
for the TP load box plots due to the difference of flow rates from either station. The TP 
loading limits on the event dates were evaluated by multiplying the flow data in upstream 
(USGS 06052000) and downstream (USGS 06052500) by the suggested 0.16 mg/l of TP 
concentration limit in the river.
The ranges of TP loads (kg/d) and flow rates for the various hydrologic con-
ditions upstream and downstream are shown in Figure 4.6. The box plots of the
upstream section are the loads calculated by multiplying the upstream flow data
from USGS station 06052000 by the measured TP concentration from sample IDs
1-3 which correspond to the flow. The downstream load box plots are estimated
using the downstream flow collected from USGS station 06052500 and multiplying
this by the TP concentration from sample IDs 11-15. The TP concentration data
from sample IDs 4-10 were not used for the TP load box plots due to the di↵erence
of flow rates from either station. The TP loading limits on the event dates were
evaluated by multiplying the flow data in upstream (USGS 06052000) and down-


















































































































































































































































































































































































































Figure 5- TP load box plots, loading capacity based on 0.16mg/L TP concentration limit and flow rates in upstream and downstream of Poudre 
River on 9 event dates. 
!Figure 4.6: TP load box plots, loading capacity based on 0.16mg/L TP concentration
limit and flow rates in upstream and downstream of oudre River on 9 event dates.
During mid-range flows and dry conditions, the TP load from WWTPs was
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igure 4.6: TP load box pl ts, loading capacity based on 0.16 mg/l TP con e tration l mit 
and flow ates in upstream and downstrea  flows durring nine sampling vents
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 During mid-range flows and dry conditions, the TP load from WWTPs was 
clearly above the estimated TP loading limit; however, is below the limit for high flows.  
Form this result, it is believed that there is a large input from other sources during high 
flows and the amount of input is more significant than the load from WWTPs on an 
annual basis. As seen in Figure 4.6, downstream TP loads were never been below the 
estimated TP loading limit on 9 event dates and the limits were in the range of upstream 
TP loads except event 2, 4 and 6 which means that even the upstream TP loads exceeded 
the limit.
 To further analyze overall trends of downstream TP loads for the different 
hydrologic conditions, the downstream loads calculated for Figure 6 were grouped into 3 
hydrologic classes; high flows (event 1-4, 9), mid- range flows (event 5, 7) and dry 
conditions (event 6, 8). The grouped TP loads are shown in the box plots in Figure 7. The 
load duration curve and the background load curve were created as in the Materials/
Methods section to study the di↵erence between the observed load data and the estimated 
loading capacity using the proposed stream standard for TP concentration. The median 
TP load of the grouped data for mid- range flows was 148kg/d and ranged from 382 to 
60kg/d, and the median load for dry conditions was 110kg/d and ranged from 180 to 
70kg/d. The median TP load for mid-range flow (2 events) was comparable to the 
estimated TP loads from WWTPs and the median TP load during dry  conditions (2 
events) was less than WWTP loads. From this observation, it was assumed that WWTPs 
are the main source of TP in the river during mid-range flows and dry  conditions. Also, it 
appears that for low flow (dry) conditions, the sediment is acting as a P sink since the 
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load in the river is less than that from WWTPs. For higher flows that correspond with 
expected urban and agricultural runoff seasons (5 events), TP loads ranged from 4140 to 
450 kg/d, and the median was 1920kg/d, greatly exceeding the estimated annual TP load 
from WWTPs.
 As seen in Figure 4.7, the difference between the TP loading limit and the 
background load is not  large enough to receive TP load from other sources. Even with a 
significant reduction in WWTP TP levels, the load limit cannot be achieved because of 
the background load and the TP load from other sources such as agricultural and storm 
water nonpoint sources.
expected urban and agricultural runo↵ seasons (5 events), TP loads ranged from
4140 to 450 kg/d, and the median was 1920kg/d, greatly exceeding the estimated
annual TP load from WWTPs.
As seen in Figure 4.7, the di↵erence between the TP loading limit and the
background load is not large enough to receive TP load from other sources. Even
with a significant reduction in WWTP TP levels, the load limit cannot be achieved
because of the background load and the TP load from other sources such as agri-
cultural and storm water nonpoint sources.
 
Figure 6- TP load duration curve with TP loading capacity based on flow rate at USGS station 06052500, 
0.16mg/L TP concentration limit, background load based on 0.13mg/L background concentration and box 
plots of TP loads using grouped observed downstream concentration for the three different hydrologic 
conditions; high flows, mid-range flows and dry conditions for event 1-9. 
!
TP loads during dry conditions were clearly lower than inputs as shown in Figure 7. When we 
assume the only inputs are from WWTPs since it was found that the WWTPs are the major 
source for the dry conditions previously, there was 42 kg/d of difference between the average 
annual TP loads from WWTPs and the estimated TP loads from the collected data. House and 
Denison (1998) reported that phosphorus tends to be accumulated in the bed sediment under low 
flow conditions due to the comparatively long water-bed contact time which facilitates settling of 
suspended matters and P absorption to clays. Based on the study and the observation of aqueous 
TP load reduction, sediment TP mass concentrations were examined to see how the sediments 
act as a sink for the TP (Figure 8).  
TP concentration in the river bed sediment increased in the downstream section for the 4 
measured events. The medians of upstream (sample ID 1-3) sediment TP concentrations for the 
observed events were in the range of 0.27-0.71 mg/g and the downstream medians (sample ID 
Figure 4.7: TP load duration curve with TP loading capacity based on flow rate
at USGS station 06052500, 0.16mg/L TP stream standard, background load based
on 0.13mg/L measured concentration in pristine area and box plots of TP loads
using grouped observed downstream concentration for the three di↵erent hydrologic
conditions; high flows, mid-range flows and dry conditions for event 1-9.
66
Figure 4.7: T ad duration curve with TP loading capacity bas d on flow rate at USGS 
station 06052500, 0.16 mg/l TP stream standard, background load based on 0.13 mg/l 
measured concentration in pristine area and box plots of TP loads using grouped observed 
downstream concentration for the three different hydrologic conditions; high flows, mid-
range flows and dry conditions for event 1-9
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TP loads during dry conditions were clearly lower than the WWTP inputs as shown in 
Figure 4.7. If it is assumed the only  inputs are from WWTPs, there was a 42 kg/day 
difference between the average annual TP loads from WWTPs and the estimated TP loads 
from the collected data.  House and Denison [57] reported that phosphorus tends to 
accumulate in bed sediment under low flow conditions due to the comparatively  long 
water-bed contact time which facilitates settling of suspended matter and P adsorption to 
clays. Based on this study and the observation of aqueous TP load reduction, sediment 
TP mass concentrations were examined to see how the sediment acts as a sink for TP 
(Figure 4.8).
TP loads during dry conditions were clearly lower than the WWTP inputs as
shown in Figure 4.7. If it is assumed the only inputs are from WWTPs, there was
a 42 kg/d di↵erence between the average annual TP loads from WWTPs and the
estimated TP loads from the collected data. House and Denison [57] reported that
phosphorus tends to be accumulated in the bed sediment under low flow conditions
due to the comparatively long water-bed contact time which facilitates settling of
suspended matter and P adsorption to clays. Based on this study and the observa-
tion of aqueous TP load reduction, sediment TP mass concentrations were examined
to see how the sediments acts as a sink for TP (Figure 4.8).
11-15) ranged from 1.09 o 1.25 mg/g. From the data present d i  Figur  8, it is believed that a 
sign ficant fraction of TP in the river is adsorded and stored in the riv r bed sediment. Previous 
st dies have also shown a similar dynamic equilibria of aqueous and sediment phosphorus 
concentrations. (Hutchinson, 1957; Edmond et al., 1981; Boyton and Kemp, 1985; Jordan et al., 
1991).  This has been referred to as the phosphate buffer mechanism (Carritt and Goodgal, 1954; 
Froelich, 1988) and has important implications on phosphorus loading to the river.  
However, to investigate the seasonal variability and the role of sediments in the fate of P, 
additional observations during high flow periods are necessary because only one event under 
higher flow conditions for sediment was monitored in this study.   
 
 
Figure 7- Sediment TP concentration (mg/g) and flow rates (cfs) in upstream (sample ID 1-3) and 
downstream (sample ID 11-15) of the CLP River for the four events. 
 
Figure 9 shows an estimate of the cumulative annual background and WWTP contributions of 
total phosphorus to the CLP River at site 10.  Although the most dramatic increase in the 
cumulative annual total phosphorus load (over 300%) occurs at this location, which is  
downstream of the three WWTPs (averaging 17.6 mgd), only 17% of the annual load can be 
Figure 4.8: Sediment TP concentration (mg/g) and flow rates (cfs) in upstream
(sample ID 1-3) and downstream (sample ID 11-15) of the CLP River for the four
events.
TP concentration in the river bed sediment increased in the downstream sec-
tion for the 4 measured events. The medians of upstream (sample ID 1-3) sediment
TP concentrations for the observed events were in the range of 0.27-0.71 mg/g and
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Figure  Sediment TP concentration (mg/g) and flow rates (cfs) in up tream (sample 
ID 1-3) and downstream (sample ID 11-15) of the CLP River for the four events.
 TP concentration in the river bed sediment increased in the downstream section 
for the 4 measured events. The medians of upstream (sample ID 1-3) sediment TP 
concentrations for the observed events were in the range of 0.27-0.71 mg/g and the 
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downstream medians (sample ID 11-15) ranged from 1.09 to 1.25 mg/g. From the data 
presented in Figure 4.8, it  is believed that a significant fraction of TP in the river is 
adsorbed and stored in the river bed sediment. Previous studies have also shown a similar 
dynamic equilibria of aqueous and sediment phosphorus concentrations (Hutchinson, 
1957; Edmond et al., 1981; Boyton and Kemp, 1985; Jordan et al., 1991). This has been 
referred to as the phosphate buffer mechanism (Carritt and Goodgal, 1954; Froelich, 
1988) and has important implications on phosphorus loading to the river.
 When the riverbed sediment itself acts as a sink and a source of TP under di↵erent 
hydrologic conditions, monitoring sediment TP is valuable to understand TP loads in the 
river. Since many other factors, such as equilibrium P concentration [63, 39], 
exchangeable Ca, Fe and Al [75], organic matter [125], and sediment particle sizes [87], 
are important, the effect of sediment P could not be fully explained with this study.
 Figure 4.9 shows an estimate of the cumulative annual background and WWTP 
contributions of total phosphorus to the CLP River at site 10. Although the most dramatic 
increase in the cumulative annual total phosphorus load (over 300%) occurs at this 
location, which is downstream of the four WWTPs (averaging 17.6 mgd), only  17% of 
the annual load can be accounted for with WWTP effluent loads. Furthermore, only  21% 
can be attributed to background total phosphorus loads, which leaves 62% of cumulative 
annual total phosphorus load unaccounted for. Possible nonpoint sources contributing to 
the phosphorus load at site 10 includes two CAFOs (over 100,000 animals) and a city 
stormwater drainage basin (32 sq mi) that accounted for with WWTP effluent loads. 
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Furthermore, only 21% can be attributed to background total phosphorus loads, which 
leaves 62% of cumulative annual total phosphorus unaccounted for in the Poudre River. 
Possible nonpoint sources contributing to the phosphorus load at site 10 include two 
CAFOs (over 100,000 animals) and a city  stormwater drainage basin that discharges 
upstream of the sampling location.
Figure 4.9: Estimated percentages of cumulative annual TP loading contributions by 
sources at the downstream of Fossil Creek Reservoir (sampling site No. 10)
 Although WWTPs may only contribute 17% of the phosphorus on an annual 
basis, nearly all of the total phosphorus load in the CLP River can be accounted for 
during low flow periods as shown in Figures 4.10 and 4.11. Figure 4.10 shows the 
contribution of known phosphorus sources and the total load on a monthly basis. Figure 
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4.11 classifies each month in terms of flow conditions according to Figure 4.7, using an 
average of two flow duration curves. The contribution of each source is shown under 
different hydrologic conditions is shown.
 The phosphate buffering mechanism is apparent in both Figures 4.10 and 4.11. In 
November and December the load from the WWTPs is approximately 850% and 250% of 
the load in the CLP River, which likely  illustrates the sediment  storage capacity of 
phosphorus.  Similarly, low flow months, shown in Figure 4.11, show that the load from 
WWTPs is approximately 250% of the load found in the river.
Figure 4.10: Cumulative Monthly Phosphorus Load from Known Sources
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 Months with high flow, especially after precipitation events, such as May  and 
June deliver the majority of the total phosphorus to the CLP River, which has been found 
in previous studies [77]. These months also have the highest percentage of unknown total 
phosphorus sources, possibly  indicating a release of bound phosphorus from the sediment 
and an increase in nonpoint phosphorus sources.
 The cumulative total phosphorus inputs (loads) to a whole aquatic ecosystem are 
best to measure and regulate to protect the ecosystem and public health [30]. However, 
total phosphorus concentrations provide an easy survey  of water quality and can be used 
to estimate the cumulative load. As regulations on concentrations of total phosphorus in 
WWTP effluent  are proposed, it  is important to understand the implications on the water 
quality of the CLP River.  Figure 4.12 shows the percent of total annual phosphorus 
reduction at the WWTPs with the corresponding annual reductions in the Poudre River as 
a function of proposed WWTP effluent concentrations.
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Figure 4.11: Cumulative Monthly Load as a Percentage from Known Sources
 As an example, if the CDPHE decides to require WWTPs to treat the effluent to a 
concentration of 0.7 mg/l, the studied WWTPs would need to reduce their TP effluent 
load by  an average of 78%.  Based on the fraction of the total load that this represents, 
this treatment plant reduction would only result in a 14% annual reduction in total 
phosphorus in the Poudre River at site 10. Although on a seasonal or flow basis the 
proposed standards would have a greater effect, it is the higher flow periods that 
correpond to the lowest relative contributions from WWTPs that deliver the most total 
phosphorus to the CLP River.
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Figure 4.12: The estimated phosphorus reduction in the Poudre R and WWTPs as a 
function of the proposed WWTP effluent limits.
4.4. Conclusion
 It is critical to monitor nutrient concentrations in the river due to ecological and 
human health issues.  However, monitoring nutrient loads is also important since it is 
directly  related to the concentration and helps to explain seasonal variations of the 
sources under different flow conditions.  From this study, it was found that the WWTPs 
are the major sources of TP during mid-range flows and dry  conditions but for the higher 
flows that correspond to the urban runoff and irrigation return flow season (5/9 events), 
WWTPs are actually a minor TP load input.  It is difficult  to quantify  other sources of TP 
loads in the CLP River especially nonpoint sources.
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 It is important to reduce TP concentrations in WWTP effluents, however it  was 
shown that even if plants are required to significantly reduce TP at relatively high costs, 
the effect on the total load to the river may be small. The analysis suggests that seasonal 
flexibility in regulating TP load to the river may be advantageous. In addition, a real-time 
TP monitoring system in the river could provide valuable guidance as to acceptable loads 
released from the group of WWTPs in the watershed. Since the TP loading to the river 
from WWTPs is an aggregate effect, a real-time monitoring system in the watershed 
could also be used as a basis for water quality trading, thus providing another tool for 
optimizing the efficiency of individual WWTPs.
 Finally, the data collected in this study suggests that  aquatic life based stream 
standards will not be achieved by regulating WWTPs alone. Significant reductions in 
non-point source loads will also be required.
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5. Conclusion
 An in-depth study of phosphorus, in the Cache la Poudre River Watershed was 
performed to better understand the occurrence and transport and to assist in developing a 
method to improve water quality  and best serve the community. Four sections topics were 
reviewed: (i) an extensive review of existing literature relating to excess nutrients, (ii) an 
examination of the sources and transport mechanisms as well as the influence of 
hydrologic and seasonal variations, (iii) a mass balance of P to determine the influence of 
WWTPs on the Cache la Poudre River as well as the impact of potential reductions and 
(iv) a basic cost-benefit analysis is per- formed along with a discussion on best methods 
for nutrient management within the watershed.
 A literature review showed that most eutrophication research has focused on lakes 
and reservoirs and more recently marine and coastal eutrophication. However, the 
complexity and importance of streams and rivers is becoming more evident. Streams and 
rivers are typically the primary  delivery mechanism of nutrients from a watershed to 
receiving waters. Regulations are being developed to better manage and control the 
delivery of nutrients to surface waters to reduce cultural eutrophication. There are several 
concerns with cultural eutrophication including public health concerns, economic 
impacts, aquatic ecosystem and water quality degradation. The goal of nutrient 
regulations is to best  manage the consequences of cultural eutrophication. Integrated 
studies of watersheds that examine nutrient sources, transport pathways, influence of 
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sources, temporal and spatial variations, economic impacts and management methods are 
required to develop effective regulations. Although portions of studies are similar, an 
integrated watershed study like this was not found in the review of literature. The 
objective of this study was to fill this gap and provide a framework for future studies.
 An extensive survey of phosphorus within the watershed attempting to 
characterize all temporal and geospatial variations was performed within the watershed to 
better understand the occurrence and transport  of phosphorus within the water- shed. 
Mathematical models were used to provide further insight into the variation of 
phosphorus concentrations due to sources and geospatial factors. The initial study 
suggested that WWTPs and CAFOs are the largest sources, but their influence is 
influenced most dramatically by  changing hydrologic conditions. CAFO capacity be- 
came the most important factor during precipitation events. Irrigation ditches were also 
identified as an important transport pathway for delivering nonpoint  source phosphorus to 
the Cache la Poudre River.
 A dramatic increase in phosphorus concentration in the Poudre River down- 
stream of WWTPs was noticed in the first  study and a mass-balance was done to 
determine the true influence of WWTPs. The analysis revealed only  17% of the annual 
phosphorus load was from WWTPs. The majority of phosphorus loading is likely due to 
nonpoint sources that are more difficult to quantify  and control. Tight regulations on 
WWTP phosphorus effluent concentrations were shown to only result  in small reductions 
in the Cache la Poudre River. Although the influence of WWTPs increases significantly 
in mid-range flow and dry conditions, the majority of phosphorus is delivered to river 
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during the spring runoff when there are high flows. To best manage phosphorus 
concentrations in the Cache la Poudre River, nonpoint sources need to be addressed.
Furthermore, a basic cost analysis of phosphorus removal reveals the misguided nature of 
a regulation focusing solely  on WWTPs. The costs of phosphorus removal at WWTPs 
increases exponentially with decreasing required phosphorus concentration at WWTP 
effluent. The diminishing returns of WWTP controls on phosphorus as well as the small 
reductions to the total load in the river make this an inefficient management strategy. 
However, the cost analysis does provide insight into issues such as nutrient trading and 
power shaving as more effective approaches. Due to the complexity of the nutrient 
management problem (e.g. variation in assimilative capacity, power rates, hydrologic 
conditions, loading, etc.) The most effective management method matches the nutrient 
loads with the assimilative capacity of the river. This will require an integrated decision 
support system for water quality  analysis, monitoring and management in the watershed 
to determine both changing assimilative capacities and nutrient loading from sources and 
adjust the complex system accordingly. A dynamic nutrient regulation would also be 
required, allow- ing for an integrated approach to best protect water quality, public health, 
aquatic ecosystems as well as minimizing costs.
81
REFERENCES
[1]  European space administration website. 
[2]  National aeronautics and space administration website. 
[3]  Environment Agency. Aquatic eutrophication in england and wales: a proposed 
management strategy. Technical report, Environment Agency, Bristol, UK, 1998. 
[4]  U. S. Environmental Protection Agency. Nutrient criteria technical guidance manual- 
rivers and streams. U.S. Environmental Protection Agency  Office of Water Report 
EPA-822-B-00-002, 152, 2000. 
[5]  U. S. Environmental Protection Agency. Wadeable streams assessments collaborative 
survey of the nation’s streams. U.S. Environmental Protection Agency  Office of Water 
Report EPA-841-B-06-002, 82, 2006. 
[6]  U. S. Environmental Protection Agency. National water quality inventory- report to 
congress. U.S. Environmental Protection Agency Office of Water Report EPA-841-
R-07-001, 30, 2007. 
[7]  U. S. Environmental Protection Agency. U.S. EPA enforcement and compliance 
history online (echo) database, February 2011. 
[8]  B. Arheimer and R. Linden. Nitrogen and phosphorus concentrations from 
agricultural catchments- influence of spatial and temporal variables. Journal of 
Hydrology, 227:140–159, 2000. 
[9]  J.A. Arruda and C.H. Fromm. Relationships among trihalomethane formation 
potential, organic carbon and lake enrichment. Envrion. Pollut., 61:199–209, 1989. 
[10]  J. Bartram and I. Chorus. Toxic cyanobacteria in water: a guide to their public 
health consequences, monitoring, and management. Technical report, World Health 
Organization, 1999. 
[11]  B.K. Basu and F.R. Pick. Longitudinal and seasonal development of plank- tonic 
chlorophyll a in the rideau river, ontario. Fish. Aquat. Sci., 52:804–815, 1995. 
82
[12]  E.K. Berner and R.A. Berner. The global water cycle: Geochemistry and 
Environment. Prentice-Hall, Inc., Englewood Cliffs, NJ, 1987. 
[13]  J. K. Bohlke, I. M. Verstraeten, and T. F. Kraemer. Effects of surface-water 
irrigation on sources fluxes, and residence times of water, nitrate, and uranium in an 
alluvial aquifer. Applied Geochemistry, 22:152–174, 2006. 
[14]  L.C. Bowling and P.D. Baker. Major cyanobacterial blooms in the barwon-darling 
river, australia, in 1991 and underlying limnological concerns. Marine and Freshwater 
Research, 47:643–657, 1996. 
[15]  W. R. Boynton and W.M. Kemp. Nutrient regeneration and oxygen consumptions by 
sediments along an estuarine salinity gradient. Marine Ecol. Progress Series, 23:45–55, 
1985. 
[16]  R. C. Brunet and K. B. Astin. Variation in phosphorus flux during a hydro- logical 
season: the river adour. Water Res., 32(3):547–558, 1998. 
[17]  S. R. Carpenter, N. F. Caraco, D. L. Correll, R. W. Howarth, A. N. Sharpley, and V. 
H. Smith. Nonpoint pollution of surface waters with phosphorus and nitrogen. Ecological 
Applications, 8(3):559–568, 1998. 
[18]  D. E. ; Goodgal Carrit and S. Sorption reactions and some ecological implications. 
Deep Sea Res., 11:224–243, 1954. 
[19]  J. Causape, D. Qulez, and R. Arags. Assessment of irrigation and environmental 
quality at  the hydrological basin level ii. salt and nitrate loads in irrigation return flows. 
Agricultural Water Management, 70:211–228, 2004. 
[20]  J. Causape, D. Qulez, and R. Aragues. Assessment of irrigation and environmental 
quality at  the hydrological basin level- i. irrigation quality. Agricultural Water 
Management, 70:195–209, 2004. 
[21]  T. J. Centner. Regulating concentrated animal feeding operations to enhance the 
environment. Environ. Sci. Policy, 6:433–440, 2003. 
[22]  M. Champion and D.J. Currie. Phosphorus-chlorophyll relationships in lakes, rivers 
and estuaries. Verh. Int. Ver. Theor. Angew. Limnol., 27:1986–1989, 2000. 
[23]  H. Chang. Spatial analysis of water quality  trends in the han river basin, south 
korea. Water Research, 42:3285–3304, 2008. 
[24]  H. Chang and T. N. Carlson. Water quality during winter storm events in spring 
creek, pennsylvania usa. Hydrobiologia, 544:321–332, 2005. 
83
[25]  I. Chaubey, M. D. Leh, J. Murdoch, J. V. Brahana, and B. E. Haggard. 
Quantification of spatial distribution of runoff source areas in an agricultural watershed. 
volume 062141, 2006. 
[26]  J. E. Cloern. Our evolving conceptual model of the coastal eutrophication problem. 
Marine Ecol. Progress Series, 210:223–253, 2001. 
[27]  D. J. ; Malone Conley and T. C. Annual cycle of dissolved silicate in chesapeake 
bay: Implications for the production and fate of phytoplankton biomass. Marine Ecolo. 
Progress Series, 81:121–128, 1992. 
[28]  G.D. Cooke. Restoration and Management of Lakes and Reservoirs. CRC Press, 
2005. 
[29]  R.A. Corrales and J.L. Maclean. Impacts of harmful algae on sea-farming in the 
asia-pacific areas. J. App. Phycol., 7:151–162, 1995. 
[30]  D. L. Correll. The role of phosphorus in the eutrophication of receiving waters: A 
review. J. Environ. Qual., 27:261–266, 1998. 
[31]  P.B. Daniel, W.H. Walker, and J.F. Habener. Cyclic amp signaling and gene 
regulation. Annu Rev Nutr, 18:353–383, 1998. 
[32]  W. Dixon and B. Chiswell. Review of aquatic monitoring program design. Water 
Resource, 30(9):1935–1948, 1996. 
[33]  W.K. Dodds. Eutrophication and trophic state in rivers and streams. Limnol. 
Oceanogr., 51:671–680, 2006. 
[34]  A. Drolc and J. Z. Koncan. Estimation of sources of total phosphorus in a river 
basin and assessment of alternatives for river pollution reduction. Environ. Int., 28:393–
400, 2002. 
[35]  W. Durka, E. Schulze, G. Gebauer, and S. Voerkeliust. Effects of forest decline on 
uptake and leaching of deposited nitrate determined from 15n and 18o measurements. 
Nature, 12(29):765–767, 1994. 
[36]  A. D. Eaton. Standard Methods for the Examination of Water and Wastewater. 
American Public Health Association, Washington, D. C, Washington D.C., 2005. 
[37]  J. M. Edmond, E. A. Boyle, B. Grant, and R. F. Stallard. The chemical mass balance 
in the amazon plume 1 : The nutrients. Deep Sea Res., (28):1339– 1374, 1981. 
[38]  W.T. Edmondson. Phosphorus, nitrogen and algae in lake washington after diversion 
of sewage. Science, 169:690–691, 1970. 
84
[39]  S. A. Ekka, B. E. Haggard, M. D. Matlock, and I. Chaubey. Dissolved phosphorus 
concentrations and sediment interactions in e✏uent-dominated ozark streams. Ecol. 
Engr., 26:375–391, 2006. 
[40]  J.J. Elser, E.R. Marzolf, and 1990 Goldman. Phosphorus and nitrogen limi- tation of 
phytoplankton growth in the freshwaters of north america: A review and critique of 
experimental enrichments. Can. J. Fish. Aquat. Sci., 47:1468– 1477, 1990.
[41]  J.W. Elwood, J.D. Newbold, R.V. O’Neill, and W. Van Winkle. Resource spiraling: 
An operational paradigm for analyzing lotic ecosystems. Dynamics of Lotic Ecosystems, 
1983. 
[42]  C. R. Frink. Estimating nutrient exports to estuaries. J. Environ. Qual., 20:717–724, 
1991. 
[43]  P. N. Froelich. Kinetic control of dissolved phosphate in natural rivers and estuaries: 
A primer on the phosphate bu↵er mechanism. Limnol. Oceanogr., 33:649–668, 1988. 
[44]  K. M. Frothingham. Evaluation of stability threshold analysis as a cursory method 
of screening potential streambank stabilization techniques. Appl. Geogr., 28:124–133, 
2008. 
[45]  C. M. K. ; Cooper Gardner, D. M. ; Hughes, and S. Phosphotus in soils and field 
drainage water in the thame catchment. UK. Sci. Total Environ, pages 282–283, 2002. 
[46]  R. O. Gilbert. Statistical Methods for Environmental Pollution Monitoring. Von 
Nostrand Reinhold, New York, 1987. 
[47]  S.V. Gregory. Effects of light, nutrients and grazing on periphyton communities in 
streams. PhD thesis, Oregon State University, Corvallis, OR, 1980. 
[48]  D. C. Grobler and M. J. Silberbauer. The combined effect of geology, phosphate 
sources and runoff on phosphate export from drainage basins. Water Res., 975:981, 1985. 
[49]  B. Gullet, J. McLelland, and D. Padgett. System-wide planning for phosphorus 
reduction at charlotte’s three largest wastewater treatment plants. Proceedings of South 
Carolina Environmental Conference. Columbia, South Carolina, March 2003. 
[50]  G.M. Hallegraeff. A review of harmful algal blooms and their apparent global 
increase. Phycologia, 32(2):77–99, 1993. 
[51]  T. Hano, H. Takanashi, M. Hirata, K. Urano, and Shunji. Removal of phosphorus 
from wastewater by activated alumina absorbent. Wat. Sci. Tech., 35(7):39–46, 1997. 
85
[52]  R. D. Harmel, K. W. King, B. E. Haggard, D. G. Wren, and J. M. Sheridan. Practical 
guidance for discharge and water quality data collection on small watersheds. ASABE, 
49(4):937–948, 2006. 
[53]  N.E. Haycock, T.P. Burt, K.W.T. Goulding, and G. Pinay, editors. Bu↵er zones and 
water quality protection: general principles. The Proceedings of the International 
Conference on Buffer Zones, September 1996. 
[54]  R.E. Hecky and P. Kilham. Nutrient limitation of phytoplankton in freshwater and 
marine environments: A review of recent evidence on the effects of enrichment. Limnol. 
Oceanogr., 33:796–822, 1988. 
[55]  P. S. Hooda, A. C. Edwards, H. A. Anderson, and A. Miller. A review of water 
quality concerns in livestock farming areas. Sci. Total Environ., 250:143–167, 2000. 
[56]  R.R. Horner, E.B. Welch, and R.B. Veenstra. Development of nuisance periphytic 
algae in laboratory  streams in relation to enrichment and velocity. Periphyton of 
freshwater ecosystems, 1983. 
[57]  W. A. House, F. H. Denison, and P. D. Armitage. Comparison of the uptake of 
inorganic phosphorus to suspended and bed sediments. Water Res., 32, 1998. 
[58]  R. W. Howarth, K. Ramakrishna, E. Choi, R. Elmgren, L. Marinelli, A. Mendoza, 
W. Moomaw, C. Palm, R. Roy, M. Scholes, and Z. M. Zhu. Nurtient management 
responses and assessment, volume 3. Island Press, Washington D.C., 2005. 
[59]  G. E. Hutchinson. A treatise on limnology. Vol, 1, 1957. 
[60]  G. E. Hutchinson. Eutrophication. the scientific background of a contemporary 
practical problem. American Scientist, 61:269–279, 1973. 
[61]  H.B.N. Hynes. The enrichment of streams. eutrophication: Causes, consequences, 
correctives. National Academy of Sciences, Washington D.C., pages 188–196, 1969. 
[62]  J. H. Jahnke, J. Rick, and L. Aletsee. On the light and temperature depenence of the 
minimum and maximum phosphorus contents in cells of the marine plankton diatom 
thalassiosira rotula meunier. J. Plankton Res., 8:549–555, 1986.
[63]  H. P. Jarvie, B. A. Whitton, and C. Neal. Nitrogen and phosphorus in east coat 
british rivers: Speciation, sources and biological significance. The Science of the Total 
Environment, 210/211:79109, 1998. 
[64]  N. A. Jaworski. Sources of Nutrients and the Scale of Eutrophication Problems in 
Estuaries. In B. J. Neilson and L. E. Cronin, 1981. 
86
[65]  F. Jiang, M.B. Beck, R.G. Cummings, K. Rowles, and D. Russell. Estimation of 
costs of phosphors removal in wastewater treatment facilities: Adaption of existing 
facilities. Water Policy Working Paper, February 2005. 
[66]  I. Joko. Phosphorus removal from wastewater by the crystallization method. Wat. 
Sci. Tech., 17(1):121–132, 1984. 
[67]  T. E. Jordan, D. E. Correll, J. Miklas, and D. E. Weller. Long-term trends in 
estuarine nutrients and chlorophyll, and short-term effects of variation in watershed 
discharge. Marine Ecol. Progress Series, 75:121–132, 1991. 
[68]  T. E. Jordan, D. E. Correll, J. Miklas, and D. E. Weller. Effects of agriculture on 
discharges of nutrients from coastal plain watersheds of chesapeake bay. J. Environ. 
Qual., 26:836–848, 1997. 
[69]  T. E. Jordan, D. E. Correll, J. Miklas, and D. E. Weller. Nonpoint source discharges 
of nutrients from piedmont watersheds of chesapeake bay. J. Am. Water Resources Ass., 
33:631–645, 1997. 
[70]  T. E. Jordan, D. E. Correll, J. Miklas, and D. E. Weller. Relating nutrient discharges 
from watersheds to land use and streamflow variability. Water Resources Res., 33:2579–
2590, 1997. 
[71]  T. E. Jordan, Correll. D. L., J. Miklas, and D. E. Weller. Nutrients and chlorophyll at 
the interface of watershed and an estuary. Limnol. Oceanogr., 36:251–267, 1991. 
[72]  J-H. Kang, S. W. Lee, K. H. Cho, S. J. Ki, S. M. Cha, and J. H. Kim. Linking land-
use type and stream water quality using spatial data of fecal indica- tor bacteria and 
heavy metals in the yeongsan river basin. Water Research, 44:4143–4157, 2010. 
[73]  P. Kannel, S. Lee, S. Kanel, and S. Khan. Chemometric application in clas- 
sification and assessment of monitoring locations of an urban river system. Analytic 
Chimica ACTA, 582:390–399, 2006. 
[74]  S-C Kim and K. Carlson. Occurrence of ionophore antibiotics in water and 
sediments of a mixed-landscape. Water Research, 40:2549–2560, 2006. 
[75]  R. L. Klotz. Sediment control of soluble reactive phosphorus in hoxie gorge creek. 
New York. Can. J. Fish. Aquat. Sci., 45, 2006. 
[76]  J. Kohler and J. Gelbrecht. Interactions between phytoplankton dynamics and 
nutrient supply  along the lowland river spree, germany. Verhandlungen der Internationale 
Vereinigung fuE`r Theoretische und Angewandte Limnolo- gie, 26:1045–1049, 1998. 
87
[77]  B. Kronvang. The export of particulate matter, particulate phosphorus and dissolved 
phosphorus from two agricultural river basins: Implications on esti- mating the non-point 
phosphorus load. Water Res., 26:1347–1358, 1992. 
[78]  S.E. Lee, K.S. Kim, J.H. Ahn, and C.W. Kim. Comparison of phosphorus removal 
characteristics between various biological nutrient removal processes. Wat. Sci. Tech., 
12:61–68, 1997. 
[79]  D. Letson and N. Gollehon. Confined animal production and the manure problem. 
Choices 3rd quarter, 1996. 
[80]  W. M. LEWIS, JR and J. H. MCCUTCHAN, JR. Ecological responses to nutrients 
in streams and rivers of the colorado mountains and foothills. Fresh- water Biology, 
55:1973–1983, 2010. 
[81]  G. E. Likens. Nutrients and eutrophication. Spec. Symp., Vol, 1, 1972. 
[82]  S. E. Littau and W. G. Engelhart. Microwave sample preparation for total 
nitrogen and phosphorus determination. 1990. 
[83]  K. Lohmna and J.R. Jones. Nutrient-setonic chlorophyll relationships in north- 
ern ozark streams. Can. J. Fish. Aquat. Sci., 56:124–130, 1999. 
[84]  P.A. Matson, W.J. Parton, A.G. Power, and M.J. Swift. Agricultural intensi- 
fication and ecosystem properties. Science, 277(5325):504–509, 1997. 
[85]  E.J. McCauley, A. Downing, and S. Watson. Sigmoid relationships between 
nutrients and chlorophyll among lakes. Can. J. Fish. Aquat. Sci., 46:1171– 1175, 1989.
[86]  T.D. McCobb, D.R. Leblanc, D.A. Walter, D.B. Hess, K.M. Kent, and R.L Smith. 
Phosphorus in a ground-water contaminant plume discharging to ashumet pond, cape 
cod, mass. Technical report, USGS Water Resources Investigations Report 02-43069. 
[87]  R. W. McDowell, A. N. Sharpley, and T. A. Chalmers. Land use and flow regime 
effects on phosphorus chemical dynamics in the fluvial sediment of the winooski river. 
Vermont. Ecol. Engr., 18:477–487, 2002. 
[88]  M.L. McGarrigle. Aspects of river eutrophication in ireland. International Journal of 
Epidemiology, 29:355–364, 1993. 
[89]  C.J.P. McKean and R.N. Nordin. Upper colombia river area- columbia and 
windermer lakes sub-basin water quality assessment and objectives. Technical report, BC 
Ministry of Environment, Vicotoria, BC, 1985. 
88
[90]  S. W. McMurry, M. S. Coyne, and E. Perfect. Fecal coliform transport through 
intact soil blocks amended with poultry manure. J. Environ. Qual. v, 27:8692, 1998. 
[91]  H.J. Michael, K.J. Boyle, and R. Bouchard. Water quality affects property prices: A 
case study  of selected maine lakes. Miscellaneous report 398, Maine Agricultural and 
Forest Experiment Station, University of Maine, Orono, Maine, 1996. 
[92]  K. W. Migliaccio, B. E. Haggard, I. Chaubey, and M. D. Matlock. Linking 
watershed subbasin characteristics to water quality  parameters in war eagle creek 
watershed. ASABE, 50(6):2007–2016, 2007. 
[93]  R.J. Miltner and A.E.T. Rankin. Primary nutrients and biotic integrity  of rivers and 
streams. Freshwater Biology, 40:145–158, 1998. 
[94]  A. Morin, N. Bourass, and A. Cattaneo. The regulatory  of size spectra of algae, 
protoza, and invertabrates in streams. NABS Annual Meeting, 1998. 
[95]  B. Moss, I. Hooker, H. Balls, and K. Manson. Phytoplankton distribution in 
temperate floodplain lake and river system. i. hydrology, nutrient sources and 
phytoplankton biomass. Journal of Plankton Research, 11:813–838, 1989. 
[96]  Peter S. Murdoch and John L. Stoddard. The role of nitrate in the acidification of 
streams in the catskill mountains of new york. Water Resour. Res., 28(10):2707–2720, 
1992. 
[97]  M-L. Nguyen, P. Westerho↵, L. Baker, Q. Hu, M. Esparza-Soto, and M. Som- 
merfeld. Characteristics and reactivity  of algae-produced dissolved organic carbon. 
Journal of Environmental Engineering, 131(1574-1582), 2005. 
[98]  S. W. Nixon. Coastal marine eutrophication: A definition, social causes, and future 
consequences. Ophelia, 41:199–219, 1995. 
[99]  NOAA. Average annual precipitation for colorado. Technical report, National 
Oceanic and Atmospheric Administration, November 2010. 
[100]  US General Accounting Oce. Livestock agriculture: Increased epa oversight will 
improve environmental program for concentrated animal feeding operations.512 
livestock agriculture: Increased epa oversight will improve environmental program for 
concentrated animal feeding operations.512 livestock agriculture: Increased epa oversight 
will improve environmental program for concentrated animal feeding operations, 
September 2010. 
[101]  L. Oldham. Phosphorus in mississippi soils. Information sheet 871, Mississippi 
State University Extension Service,, Stoneville, M.S., 2008. 
89
[102]  J. Omernick. Nonpoint source-stream nutrient level relationships: a nation- wide 
study (us epa-600/3-77-105). Technical report, Corvallis Environmental Research 
Laboratory, Oce of Research and Development, US Environmental Protection Agency, 
Washington, D.C., 1977. 
[103]  H.W. Paerl. Characterizing man-made and natural modifications of microbial and 
activity in coastal ecosystems. Antonie Van Leeuwenhoek, 81:487–507, 2002. 
[104]  J. ParedesArquiola, J. AndreueAlvarez, M. MartinMonerris, and A. Solera. Water 
quality and quality models applied to the jucar river basin, spain. Water Resource 
Manage, 24:2759–2779, 2010. 
[105]  C.F. Powers, D.W. Schults, K.W. Malueg, R.M. Brice, and M.D. Schuldt. Algal 
responses to nutrient additions in natural waters. ii. field experiments. Am. Soc. Limnol. 
Oceanogr., pages 141–156, 1972. 
[106]  Y.T. Prarie, C.M. Duarte, and J. Kal↵. Unifying nutrient-chlorophyll relationships 
in lakes. Can. J. Fish. Aquat. Sci., 46:1176–1182, 1989. 
[107]  J.L. Pretty, A.G. Hildrew, and M. Trimmer. Nutrient dynamics in relation to 
surface-subsurface hydrological exchange in a groundwater fed chalk stream. Journal of 
Hydrology, 330:84–100, 2006. 
[108]  J.M. Quinne. Guidelines for the control of undesirable biological growths in water. 
Technical report, Water Quality Centre, Hamilton, New Zealand, 1991. 
[109]  N.N. Rabalais and S. W. Nixon. Preface: Nutrient over-enrichment of the coastal 
zone. Estuaries, 25(4b):497, 2002. 
[110]  K.H. Reckhow, M.N. Beaulac, and J.T. Simpson. Modeling phosphorus load- ing 
and lake response under uncertainty: a manual and compilation of export coefficients. 
Technical report, US Environmental Protection Agency, 1980. 
[111]  A. Redfield. The biological control of chemical factors in the environment. Am 
Sci, 46:205–221, 1958. 
[112]  J.H. Rensink, J. van der Ven, G. vanPamelen, F. Fedder, and E. Majoor. The 
modified renphosystem: a high biological nutrient removal system. Wat. Sci. Tech. 35, 
10:137–146, 1997. 
[113]  Joint Polish-Swedish Reports, editor. Phosphorus recovery from phosphate rich 
sidestreams in wastewater treatments, number 10. Proceedings of a Polish- Swedish 
seminar, 2003. 
90
[114]  D.W. Schindler. Recent advances in the understanding and management of 
eutrophication. Limnol. Oceanogr., 51(1):356–363, 2006. 
[115]  D.W. Schindler, E.F. Rothman, E.F. Stoermer, and M.A. Santiago. Responses to 
phosphorus limited lake michigan phytoplankton to factorial enrichments with nitrogen 
and phosphorus. Limnol. Oceanogr., 19:409–419, 1974. 
[116]  F.E. Scully, G.D. Howell, Robert Kravitz, J.T. Jewell, Victor Hahn, and Mark 
Speed. Proteins in natural waters and their relation to the formation of chlorinated 
organics and proteins in natural waters and their relation to the formation of chlorinated 
organics during water disinfection. Environmental Science and Technology, 22:537–542, 
1988. 
[117]  A. N. Sharpley, S.C. Chapra, R. Wedepohl, J.T. Sims, T.C. Daniel, and K. R. 
Reddy. Managing agricultural phosphorus for protection of surface waters: Issues and 
options. J. Environ. Qual., 23:437–451, 1994. 
[118]  F. T. Short and D. M. Burdick. Quantifying eelgrass habitat loss in relation to 
housing development and nitrogen loading in waquiot bay, massachusetts. Estuaries, 
19:730–739, 1996. 
[119]  S. Shreshtha and F. Kazama. Assessment of surface water quality using 
multivariate statistical techniques: A case study of the fuji river basin, japan. 
Environmental Modeling and Software, 22:464475, 2006. 
[120]  K. Singh, A. Malik, D. Mohan, and S. Sinha. Multivariate statistical techniques for 
the evaluation of spatial and temporal variations in water quality  of gomti river (india) a 
case study. Water Research, 38:39803992, 2004.
[121]  R.A. Smith, G. E. Schwarz, and R.B. Alexander. Regional interpretation of water-
quality monitoring data. Water Resources Res., 34(9):2401–2405, 1997. 
[122]  V. H. Smith. Cultural eutrophication of inland, estuarine, and coastal wa- ters. . 
1972b. Eutrophication and aquatic ecosystems, p. 3–13. In Successes, limitations and 
frontiers in ecosystem science, pages 7–49, 1998. 
[123]  V. H. Smith. Eutrophication of freshwater and marine ecosystems: A global 
problem. Environ. Sci. Policy, 2003. 
[124]  V. H. Smith, S.B. Joye, and R. W. Howarth. Eutrophication of freshwater and 
marine ecosystems. Limnol. Oceanogr., 51(1):351–355, 2006. 
[125]  V.H. Smith, G.D. Tilman, and J.C Nekola. Eutrophication: Impacts of excess 
nutrient inputs on freshwater, marine, and terrestrial ecosystems499 eutrophication: 
91
Impacts of excess nutrient inputs on freshwater, marine and terrestrial ecosystems. 
Environmental Pollution, 100(1-3):179–196, 1999. 
[126]  M. Sojka, M. Slepak, A. Ziola, and M. Frankowski. Applications of multivariate 
statistical techniques to evaluation of water quality in the mala welna river (western 
poland). Environmental Monitoring Assessment, 147:159–170, 2007. 
[127]  L. A. Sprague, D. K. Mueller, G. E. Schwarz, and D. L. Lorenz. Nutrient trends in 
streams and rivers of the united states. U. S. Geological Survey Scientific Investigations 
Report, 196:2008–5202, 2009. 
[128]  U. S. Geological Survey. Comprehensive water quality of the boulder creek 
watershed. Colorado, During High-Flow and Low-Flow Conditions. Water- Resources 
Investigations Report, 03-4045., 2000. 
[129]  G. S. Toor, R. D. Harmel, B. E. Haggard, and G. Schmidt. Evaluation of regression 
methodology with low-frequency water quality sampling to estimate constituent loads for 
ephemeral watersheds in texas. J. Environ Qual., 37:1847–1854, 2008. 
[130]  A.R. Townsend and et al. Human health effects of a changing global nitrogen 
cycle. Front. Ecol. Environ., 1:240–246, 2003. 
[131]  USEPA. National summary of impaired waters and tmdl information for reporting 
year 2010. Technical report, U. S. Environmental Protection Agency, March 2011. 
[132]  USGS. Usgs real-time water data. Technical report, United States Geological 
Survey, November 2010. 
[133]  J.A. Van Leeuwen, D. Waltner-Toews, T. Abernathy, B. Smit, and M. Shoukri. 
Associations between stomach cancer incidence and drinking water contamination with 
atrazine and nitrate in ontario (canada) agroecosystems, 1987-1991. International Journal 
of Epidemiology, 28:836–840, 1999. 
[134]  M. Vega, R. Pardo, E. Barrado, and L. Deban. Assessment of seasonal and 
polluting effects on the quality of river water by exploratory data analysis. Water 
Resource, 32(12):35813592, 1998. 
[135]  P.M. Vitousek, J.D. Aber, R. W. Howarth, G. E. Likens, P.A. Matson, D.W. 
Schindler, W.H. Schlesinger, and G.D. Tilman. Human alteration of the global nitrogen 
cycle: Sources and consequences human alteration of the global nitrogen cycle: Sources 
and consequences human alterations of the global nitrogen cycle: Sources and 
consequences. Ecological Applications, 7(3):737–750, 1997. 
[136]  P.M. Vitousek, H.A. Mooney, J. Lubchenco, and J.M. Melillo. Human domi- 
nation of earth’s ecosystems. Science, 277(5325):494–499, 1997. 
92
[137]  R.A. Vollenweider. Advances in defining critical loading levels for phosphorus in 
lake eutrophication. Mem. 1st Ital. Idrobiol., 33:53–83, 1976. 
[138]  E.B. Welch, J.M. Quinn, and C.W. Hickey. Periphyton biomass related to point-
source enrichment in seven new zealand streams. Water Research, 26:669–675, 1992. 
[139]  WHO. Emerging issues in water and infectious disease. Technical report, World 
Health Organization, 2003. 
[140]  D. Wild, A. Kisliakova, and H. Siegrist. P-fixation by  mg, ca and zeolite during 
stabilization of excess sludge from enhanced biological p-removal. Wat. Sci. Tech., 
31(1-2):391–398, 1984. 
[141]  W.H. Wilson and et al. The effect of phosphate status on the kinetics of 
cyanophage infection in the oceanic cyanobacerium synechococcus sp. J. Phycol., 
32:506–516, 1996. 
[142]  A.U. Wnorowski and R.C. Clark. Airborne odours arising from wastewater 
treatment plants in the republic of south africa, and investigation into methods of their 
control. Water Science and Technology, 25(4-5):449–450, 1992. 
[143]  D. Wynne and G.Y. Rhee. Effects of light intensity and quality  on the relative n 
and p requirement (the optimum n:p ratio) of marine planktonic algae. J. Plankton Res., 
8:91–103, 1986. 
[144]  S. Yang and K. Carlson. Evolution of antibiotic occurrence in a river through 
pristine, urban and agricultural landscapes. Water Research, 37:4645–4656, 2003. 
[145]  P. Zeilhofer, E. Lima, and G. Lima. Spatial patterns of water quality in the cuiaba 
river basin, central brazil. Environmental Monitoring Assessment, 123:4162, 2006. 
93
6. Appendix A Supplementary Information 
6.1. Cost Estimates
 As nutrient regulations are proposed to best protect water quality, aquatic 
ecosystems and public health, it is also crucial to consider the economic implications of 
new regulations. Since point sources are often the most recognizable and easiest to 
control most of the focus has been on point sources, specifically WWTPs. However, the 
previous chapter shows only 17% of the annual load in the Cache la Poudre River can be 
traced to WWTPs. Nonpoint sources are also a critical part of controlling cultural 
eutrophication. USEPA identified agricultural nonpoint-source pollution as the major 
source preventing attainment of the water quality goals identified in the Clean Water Act 
[6]. Several studies provide guidance and reviews of nonpoint source controls of 
phosphorus (e.g. [17]). The complexity and uncertainty associated with nonpoint source 
controls are beyond the scope of this chapter, but is an important consideration in 
phosphorus management strategies.
Jiang et al. [65] has provided extensive and detailed cost estimation of phosphorus 
removal upgrades to WWTPs. Although many phosphorus methods are available Jiang et 
al. has focused on three of the most common techniques: activated sludge, an anoxic/oxic 
and an anaerobic/anoxic/oxic arrangement. The foundation of the cost estimation are 
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derived from Construction Costs for Municipal Wastewater Treatment Plants (USEPA,
1980) and Estimating Treatment Costs (USEPA 1979) with updates and modifications. 
The operations and maintenance costs were estimated using an algorithm developed by 
the USEPA (1998). The following graphs estimate the costs associated with phosphorus 
removal in the Poudre River Watershed by interpolating the results from [65] using the 
WWTP capacity.
6.2. Required Reductions Estimate
A numeric threshold of 0.16 mg/l for streams and rivers in Colorado’s montane region 
has been estimated for a healthy aquatic ecosystem. Assuming this threshold is required 
in the CLP Watershed as well, a maximum cumulative annual total phosphorus load was 
estimated by using a constant concentration of 0.16 mg/l TP for the CLP. The analysis 
provides a crude approximation of the minimum TP reductions required from WWTPs. 
By using the average annual loads, the complications of seasonal effects including 
dilution, the phosphate bu↵ering mechanism or changing hydrologic conditions are 
assumed to average over the course of a year. To meet the aquatic life standard of 0.16 
mg/l, the load in the CLP River would need to be reduced from 320 to 50 tonnes 
(approximately 85%). The current load results in an average TP concentration in the CLP 
River of about 1.1 mg/l.
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Table A.1: Total number of animals, design flow of WWTPs, and distance upstream from 
Poudre River confluence for each sampling location.
Figure A.1: Total number of animals, design flow of WWTPs, and distance upstream
from Poudre River confluence for each sampling location.
99
96
Figure A.2: Multiple linear regression analysis results.
Figure A.2: Multiple linear regression analysis results.
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Figure A.3: The variability in the monthly averages of WWTP gross e✏uent in the
study region.
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Figure A.4: Total phosphorus measurements along the Poudre River
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Figure A.3: The variability in the monthly averages of WWTP gross effluent in the study 
region.
Table A.4: Total phosphorus measurements along the Poudre River
Figure A.3: The variability in the monthly averages of WWTP gross e✏uent in the
study region.
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Table A.5: Total nitrogen measurements along the Poudre River
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Figure A.5: Total nitrogen measurements along the Poudre River
Figure A.6: Influence of Drake Water Reclamation Facility
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Figure A.5: Total nitrogen measurements along the Poudre River
Figure A.6: Influence of Drake Water Reclamation Facility
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Figure A.6: Influence of Drake Water Reclamation Facility
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Figure A.7: Estimated reduction costs at DWRF and Poudre River using [65]
phosphorus load reduction required for Fort Collins WWTPs as a function of proposed 
effluent limits as well as the resulting reduction in TP load downstream in the Poudre 
River.  The total costs to implement three basic treatment methods for all three Fort 
Collins WWTPs are also included.  For example, if WWTPs were required to treat 
WWTP effluent to 0.7 mg/l it would require an average reduction of 78% of total 
phosphorus at WWTPs, but only a 14% reduction in the Poudre River and it would cost a 
minimum of $2.3 million annually. 
 
Figure 5- WWTP and CLP River TP Load Reductions as a Function of Proposed WWTP TP 
Effluent Limits. 
Nutrient Trading 
Implementing free markets, including off-set banking and cap-and-trade, are often 
discussed as solutions to several environmental problems.  The advantages to this system 
are clear with an analysis of the unit cost of TP removal for each WWTP, as seen in 
figure 6.  For example, if WWTP effluent total phosphorus concentration was limited to 
0.5 mg/l it would cost Boxelder Sanitation District nearly twice the cost of Drake WRF to 
remove one kilogram of phosphorus ($126.22 v. $66.8). 
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Figure A.8: Estimated reduction costs at Boxelder Sanitation District using basic
activated sludge methods [65]
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Figure A.8: Estimated reduction costs at Boxelder Sanitation District using basic 
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Figure A.9: Estimated reduction costs at Drake Water Reclamation Facility using
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Figure A.10: Estimated reduction costs at South Fort Collins Wastewater Treatment
Plant using basic activated sludge methods [65]
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Figure A.9: Estimated reduction costs at Drake Water Reclamation Facility using basic 
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Figure A.9: Estimated reduction costs at Drake Water Reclamation Facility using
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Figure A.10: Estimated reduction costs at South Fort Collins Wastewater Treatment
Plant using basic activated sludge methods [65]
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Figure A.10: Estimated reduction costs at South Fort Collins Wastewater Treatment using 
basic activated sludge methods [65]
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Figure A.11: Estimated unit cost of phosphorus removal using basic activated sludge 
methods [65]
 
Figure 6- Unit Cost of TP Removal. 
If the fundamental objec ive is o improve wate  quality, it is mportant for regulations to 
allow for nutrient trading.  For example, the unit cost for Boxelder (2 mgd) to treat to 0.5 
mg/l is the same as the unit cost for Drake WRF, the largest WWTP (13 mgd), to 0.13 
mg/l.  For the same cost, a ??% reduction in total phosphorus could be realized in the 
Poudre River simply by allowing for nutrient trading.   
Furthermore, the unit cost of TP removal is typically the lowest for the largest WWTPs.  
So, the total load from the large WWTPs would be reduced with nutrient trading reducing 
large spikes in TP loads to the river.  There are several possibilities a nutrient trading 
platform could provide, such as energy shaving, etc.  Figure 7 shows estimations for 
phosphorus removal using basic activated sludge.  It is clear that the capital expense is by 
far the most expensive portion of the total cost of phosphorus removal, so it is often more 
cost effective to only upgrade the largest facilities and increasing the operations instead 
of building several smaller treatment facilities.  
Figure A.11: Estimated unit cost of phosphorus removal using basic activated sludge
methods [65]
minimum average load achieved in the CLP would be 0.87 mg/l. The required total 
phosphorus cumulative load as a function of the average annual total phosphorus 
concentration in the Poudre River is shown in figure 4.  The 0.16 mg/l limit is shown 
with a black line and far from the maximum reduction possible from WWTPs. 
 
Figure 3- Annual TP Load in CLP River and Known Contributions. 
 
Figure 4- Annual TP Load as a Function of the Average TP Concentration in CLP River. 
Furthermore, the cost of TP removal at WWTPs increases exponentially as the TP 
effluent concentration increases.  Figure 5 shows the average cumulative annual total 
Figure A.12: Estimate of required annual reduction
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Figure A.11: Estimate of requir d annual reduction
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